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Summary
The Rab family of small GTPases orchestrates intracellular endomembrane transport
through the recruitment of diverse effector proteins. Since its first discovery in 1987,
almost 70 Rab proteins have been identified in humans to date and their perturbed
function is implicated in several hereditary and acquired diseases.
In this Ph.D. thesis, I systematically characterize cell type expression and subcellular
localization of all Rab proteins present in Drosophila melanogaster utilizing a genetic
resource that represents a major advance for studying membrane trafficking in vivo:
the ’Drosophila YRab library’. This collection comprises 27 different D. melanogaster
knock-in lines that harbor YFPMyc fusions to each Rab protein, referred to as YRab.
For each YRab, I present a comprehensive data set of quantitative and qualitative
expression profiles across six larval and adult tissues that include 23 annotated cell
types. The whole image data set, along with its annotations, is publicly accessible
through the FLYtRAB database that links to CATMAID for online browsing of
tissues.
I exploit this data set to address basic cell biological questions. i) How do
differentiating cells reorganize their transport machinery to perform cell type-specific
functions? My data indicates that qualitative and quantitative changes in YRab
protein expression facilitate the functional specialization of differentiated cells. I
show that about half of the YRab complement is ubiquitously expressed across D.
melanogaster tissues, while others are missing from some cell types or reflect strongly
restricted cell type expression, e.g. in the nervous system. I also depict that relative
YRab expression levels change as cells differentiate. ii) Are specific Rab proteins
dedicated to apical or basolateral protein transport in all epithelia? My data suggests
that the endomembrane architecture reflects specific tasks performed by particular
epithelial tissues, rather than a generalized apicobasal organization. I demonstrate
that there is no single YRab that is similarly polarized in all epithelia. Rather,
different epithelial tissues dynamically polarize the subcellular localization of many
YRab compartments, producing membrane trafficking architectures that are tissue-
and stage-specific.
I further discuss YRab cell type expression and subcellular localization in the
viii
context of Rab family evolution. I report that the conservation of YRab protein
expression across D. melanogaster cell types reflects their evolutionary conservation
in eukaryotes. In addition, my data supports the assumption that the flexible
deployment of an expanded Rab family triggered cell differentiation in metazoans.
The FLYtRAB database and the ’Drosophila Rab Library’ are complementary
resources that facilitate functional predictions based on YRab cell type expression
and subcellular localization, and to subsequently test them by genetic loss-of-function
experiments. I demonstrate the power of this approach by revealing new and
redundant functions for Rab23 and Rab35 in wing vein patterning.
My data collectively highlight that in vivo studies of endomembrane transport
pathways in different D. melanogaster cell types is a valuable approach to elucidate
functions of Rab family proteins and their potential implications for human disease.
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1 Introduction
The introduction comprises four sections. First, I will introduce the general principle
of membrane transport in eukaryotes, its key machineries and the essential contribution
of Rab GTPases to organize and maintain endomembrane compartment architectures
in differentiated cells, such as epithelia. Secondly, I will review the current advances
in understanding Rab family evolution and its functional implications. The third
part briefly covers human diseases that are associated with impaired Rab protein
function and regulation. Finally, I will introduce features and function of relevant
Drosophila melanogaster tissues that are analyzed in this study. Broad topics are
generally introduced by reviews that are cited at the end of each paragraph. Articles
that report specific findings are cited after the first sentence.
1.1 Rabs orchestrate intracellular membrane traffic
1.1.1 Cellular machineries regulate membrane trafficking
The endomembrane system of eukaryotic cells comprises various membrane-bounded
compartments that are interconnected by motile vesicles and tubules (see Fig.1.4).
This major advance in cellular complexity facilitates bidirectional transport of
synthesized and internalized cargo along secretory and endocytic trafficking routes.
According to the classical definition, the secretory pathway comprises the endoplasmic
reticulum (ER), ER-Golgi intermediate compartment (ERGIC), Golgi apparatus
(Golgi), and trans-Golgi network (TGN). Internalized cargo is transported from
the plasma membrane along endocytic recycling and degradation pathways through
various types of endolysosomal organelles. These include early endosomes (EE),
recycling endosomes (RE) and late endosomes/multi vesicular bodies (LE/MVB) as
well as lysosomes (Lys) (reviewed in Alberts et al., 2015).
Endomembrane compartments are interconnected by tubulovesicular transport
machineries that regulate specific cargo trafficking steps (Fig.1.1). Three major
families of protein complexes maintain the accuracy and fidelity of cargo transport:
coat protein complexes (CPC), Soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARE) and Yeast protein transport (Ypt)/Ras-related in brain
2 1.1. Rabs orchestrate intracellular membrane traffic
Figure 1.1: Cellular machineries that regulate endomembrane transport steps. Coat
proteins drive initial membrane transport steps. Tethering factors assist SNARE-mediated
membrane fusion. Rab proteins localize to endomembranes and are required for virtually all
transport step. Rab effector proteins or protein complexes that bind activated Rabs at distinct
transport steps are indicated in italics. See Section 1.1.1 for details.
(Rab). These protein families essentially regulate all membrane transport steps
including cargo selection and sorting into vesicles, vesicle budding and scission
from the donor membrane, its coupling and transport along the cytoskeleton,
vesicle targeting, fusion with the acceptor membrane and cargo release (reviewed in
McMahon and Mills, 2004; Jahn and Scheller, 2006; Hutagalung and Novick, 2011;
Zerial and McBride, 2001).
CPCs initiate the formation and fission of cargo transport vesicles at the donor
membrane. This family includes coat protein complex 1 (COPI) mediating intra-Golgi
and retrograde Golgi-to-ER transport, COPII (anterograde ER-to-Golgi transport),
and clathrin/adaptor protein (Clathrin/AP)-based CPCs (endocytosis from plasma
membrane and sorting between trans-Golgi and endosomes) that each induces
structural membrane curvature. The recruitment of coat proteins critically depends on
the small Ras-like GTPases ADP-ribosylation factor 1 (Arf1) (COPI and clathrin/AP-
based CPCs) and the Arf-related protein Sar1 (COPII) (reviewed in McMahon and
Mills, 2004).
SNAREs mediate the anchoring and fusion of transport vesicles at the acceptor
membrane. The SNARE hypothesis proposes that the interactions between SNAREs
on vesicles (v-SNAREs) and target membranes (t-SNAREs) brings the two membranes
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into close apposition to overcome its repulsive force. It is still unclear if the
membrane fusion event is purely passive or whether it requires additional guidance
by SNAREs. The disassembly of the SNARE complex requires ATP hydrolysis by
N-ethylmaleimide-sensitive fusion protein (NSF) and Soluble NSF adaptor proteins
(SNAPs). The specificity of SNARE-mediated membrane fusion is assured by
the activity of various membrane tethering factors including coiled-coiled tethers
(e.g. Golgins such as Uso1 (Saccharomyces cerevisiae ortholog of mammalian p115)
and endosomal tethering factors such as Early endosome antigen 1 (EEA1)) and
multisubunit tethers (e.g. transport protein particle (TRAPP), exocyst, homotypic
fusion and vacuole protein sorting (HOPS) and class C core vacuole/endosome
tethering (CORVET) complexes) (reviewed in Jahn and Scheller, 2006).
Rab proteins comprise the largest family of small Ras-like GTPases. In contrast
to CPCs and SNAREs that regulate the fundamental events of vesicle fission and
fusion, Rabs orchestrate virtually all membrane transport steps. They cycle through
GTP and GDP-bound states, acting as molecular switches to recruit effector proteins
(Fig.1.1, italics). Rab effector proteins control cargo sorting (e.g. tail-interacting
protein of 47 kD (TIP47) (Rab9 effector) and components of the retromer complex
(Rab7 effectors)), vesicle motility along actin- or microtubule-based cytoskeletal
tracts (e.g. coupling to class V myosins through Rab11 family interacting protein
2 (Rab11-FIP2) (Rab11 effector) and Melanophilin (Rab27a effector), or coupling
to microtubule-based motors through Rab interacting lysosomal protein (RILP)
(Rab7 effector) and Rabkinesin-6 (Rab6 effector)), and tethering (e.g. COPII
vesicle tethering through Uso1/p115 and the TRAPP complex (Rab1 effectors),
plasma membrane tethering through the exocyst complex (Sec4/Rab8 effector), early
endosome tethering through EEA1 and Rabenosyn-5 (Rab5 effectors), endosome
tethering through the CORVET complex (Vps21/Rab5 effector), and tethering of late
endosomes/lysosomes through the HOPS complex (Ypt7/Rab7 effector)) (reviewed
in Hutagalung and Novick, 2011; Zerial and McBride, 2001).
1.1.2 Structural motifs required for Rab membrane targeting
and effector binding
The primary structure of Rab proteins comprises several regions of different structural
conservation that are essentially required for Rab membrane targeting and effector
binding. Rabs generally comprise a C-terminal double-cysteine prenylation motif that
is required for its reversible membrane localization. Upon de novo synthesis, these
cysteins are posttranslationally modified with geranylgeranyl lipid moieties through
Rab geranylgeranyl transferase (GGT) (Fig.1.2). Rab escort proteins (REP) cover
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Figure 1.2: Rabs cycle between active and inactive states. De novo synthesized Rab
proteins obtain a lipid moiety through Rab geranylgeranyl transferases (GGT) that is covered
by Rab escort proteins (REP). Recycled Rabs are bound to cytoplasmic Rab GDP dissociation
inhibitors (GDI) that mask the lipid anchor. Membrane-bound GDI dissociation factors
(GDF) mediate Rab targeting to specific membranes. Guanine nucleotide exchange factors
(GEF) activate specific Rabs through GDP-to-GTP conversion. Activated Rabs bind specific
effector proteins that exert transport functions. Inactivation of Rabs is mediated by GTPase
activating proteins (GAP) through GTP-to-GDP hydrolysis. Inactive Rabs are retrieved from
the endomembrane by Rab GDIs in preparation of a new cycle. See Section 1.1.2 for details.
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the lipid anchor of newly synthesized Rabs facilitating their cytoplasmic transport to
specific target membranes. Cytoplasmic Rab GDP dissociation inhibitors (GDI) and
membrane-localized GDI dissociation factors (GDF) assist in membrane targeting
and insertion of solubilized Rabs. The structurally most conserved region is the
GTPase fold that is common to all members of the Ras family. The reversible
binding of GDP and GTP correlates with a conformational change in the switch I
and II regions. Upon membrane insertion, guanine nucleotide exchange factors (GEF)
convert Rab-GDP to its active Rab-GTP-bound state. In that state, Rabs now
interact with their specific effectors that execute the special membrane trafficking
function encoded by the respective Rab (reviewed in Hutagalung and Novick, 2011).
Rabs can bind a great number of effectors, as exemplified by the well-studied
Rab5 whose active form binds more than 20 effector proteins (Christoforidis et al.,
1999a). A unique feature that separates Rabs from other Ras-like subfamilies is
the presence of five Rab family (RabF) and four Rab subfamily (RabSF)-specific
motifs (Pereira-Leal and Seabra, 2000). Despite their overall structural similarity, the
specific amino acid composition of these regions essentially contributes to selected
recruitment of specific Rab effectors.
The endogenous GTPase activity of Rabs is not sufficient for GTP hydrolysis.
Thus, GTPase activating proteins (GAP) catalyze the hydrolysis of GTP to GDP
(Fig.1.2). Inactivated Rab-GDP is subsequently retrieved from the membrane and
solubilized by Rab GDI in preparation of a new cycle (reviewed in Hutagalung and
Novick, 2011).
Extensive domain swapping and mutagenesis experiments revealed that various
Rab motifs and amino acid sequences, including the hypervariable region, RabF and
RabSF motifs, are essential for Rab targeting to specific membranes (Ali et al., 2004;
Chavrier et al., 1991). A recent study suggests that Rab GEFs can also constitute
the minimal targeting machinery for some Rabs (Blümer et al., 2013).
The precise molecular mechanism by which cytosolic Rabs are targeted to their
specific endomembrane compartment is still not fully understood but appears to be
mediated by membrane lipid composition and factors that are already present at the
target membrane or that are recruited after Rab activation.
1.1.3 Phosphoinositides specify endomembrane
compartments
Phosphoinositides comprise a family of phospholipids that have a pivotal role in
intracellular transport. Their core component, phosphatidylinositol (PtdIns), is
a glycerophospholipid that is substituted with inositol. The inositol ring can be
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additionally phosphorylated at hydroxyl groups three, four and five by various PtdIns
kinases and phosphatases to produce different species of phosphoinositide phosphates
(PIP) that specifically bind to the cytosolic side of eukaryotic endomembrane
compartments and the plasma membrane (reviewed in Roth, 2004).
The plasma membrane as well as each endomembrane compartment possesses a
characteristic PIP composition that differs by position and number of phosphate
groups added to the inositol ring. The spatial activity of PtdIns kinases and
phosphatases determines local PIP membrane composition. PtdIns 4,5-bisphosphate
(PI(4,5)P2) is the key component of the plasma membrane. The secretory pathways
mainly comprises PI(4)P that is enriched at the Golgi. In the endolysosomal
pathway PI(3)P concentrates at early endosomes, while PI(3,5)P2 specifies late
endosomes/multi vesicular bodies. Many membrane-binding proteins contain selective
domains, e.g. the FYVE zinc finger domain, that recognize the phosphorylation
status of specific PIPs, e.g. PI(3)P (reviewed in Roth, 2004).
Thus, PIPs essentially contribute to the formation of special membrane domains
and facilitate the specific targeting of various membrane transport regulators to
distinct endomembrane compartments.
1.1.4 Rabs form microdomains on endomembrane
compartments
Endomembrane compartments comprise microdomain assemblies that stabilize and
segregate specific Rabs and their effectors. Extensive studies on Rab5 effectors
fundamentally contributed to the current understanding of Rab domain formation.
The formation of Rab5 domains on early endosomes relies on a combination of
cooperativity and self-organization properties of its components involving positive
protein-protein and protein-lipid feedback loops. First, a complex of Rabaptin-5,
a Rab5 effector, and Rabex-5, a Rab5 GEF, induces self-amplifying clustering of
activated Rab5 that specifically localizes to PI(3)P at the early endosome membrane
through its FYVE zinc finger domain. Second, Rab5 membrane binding, in turn,
stimulates local PI(3)P synthesis by Rab5 effector phosphoinositide kinases and
phosphatases, thereby stabilizing its own microdomain. Finally, PI(3)P and Rab5
jointly recruit the FYVE domain-possessing Rab5 effectors EEA1 and Rabenosyn-5
that mediate early endosome tethering and target the SNARE fusion machinery
(reviewed in Zerial and McBride, 2001).
Fluorescence microscopy revealed that Rab4 and Rab11 compartmentalize together
with Rab5 in the endosomal system in overlapping but distinct membrane domains
(Sönnichsen et al., 2000). In this study, three main populations of endosomes,
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corresponding to early endosomes that only possess Rab5, early endosomes that
contain both Rab4 and Rab5, and recycling endosomes that harbor Rab4 and Rab11,
have been identified. The functional relevance of these Rab domains has been
demonstrated by the finding that the divalent Rab5 effectors Rabaptin-5 (Vitale et
al., 1998) and Rabenosyn-5 (de Renzis et al., 2002) interact with both Rab4 and
Rab5 to coordinate sequential cargo transport through the endocytic and recycling
pathway.
Another example where cooperativity between a Rab and its effector specifies
Rab membrane targeting to subdomains demonstrates the interaction of Rab9 with
TIP47 at late endosomes. TIP47 specifically binds cytosolic domains of Mannose
6-phosphate receptors at the late endosome and facilitates their clustering in recycling
vesicles destined for Golgi transport (Díaz and Pfeffer, 1998). Binding of TIP47 to
activated Rab9 increases its affinity for both Mannose 6-phosphate receptors and
Rab9 (Carroll et al., 2001), thereby generating a Rab9 subdomain on late endosomes
that is distinct from membrane domains occupied by Rab7 (Barbero et al., 2002).
Thus, the maintenance of stable Rab membrane domains is key for the coordination
of sequential cargo transport along the endolysosomal system.
1.1.5 Rabs and phosphoinositides corporately confer
endomembrane compartment identity
As cargo propagates through the endomembrane system, it successively passes
different kinds of endomembrane compartments that vary by lipid composition (see
Section 1.1.3) and presence of integral and peripheral membrane proteins (see Section
1.1.4).
Rabs and PIPs corporately encode the identity of each endomembrane compartment
and serve as hubs for the binding of compartment-specific effector proteins. Cargo
transport between endomembrane compartments is achieved by vesicle fission/fusion
events or membrane maturation that both require dynamic changes in Rab and PIP
membrane composition. The transition between different Rabs and PIPs is very
similarly regulated through cascading pathways, i.e. the subsequent recruitment of
effectors that activate and inhibit or metabolize the ’downstream’ and ’upstream’
Rab or PIP, respectively. Examples for Rab cascades can be found in both secretory
and endocytic trafficking pathways of yeast and mammals (reviewed in Jean and
Kiger, 2012; Segev, 2001).
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Figure 1.3: Golgi maturation in S. cerevisiae secretion as an example of Rab cascades.
Ypt1, Ypt31/32 and Sec4 subsequently localize to the maturing Golgi cisterns and their activity
is regulated through transient consecutive recruitment of guanine nucleotide exchange factors
(Rab GEF) and GTPase activating proteins (Rab GAP) that specifically activate and inhibit
’downstream’ and ’upstream’ Rab proteins. Ypt1 associates to the early Golgi and recruits the
TRAPP II complex. TRAPP II is a GEF for the ’downstream’ Ypt31/32, mediating its activation.
GTP-bound Ypt31/32, in turn, recruits the GAP Gyp1 that inactivates the ’upstream’ Ypt1
resulting in its dissociation form the membrane. Ypt31/32 additionally recruits Sec2. Sec2 is
a GEF for the ’downstream’ Sec4, mediating its activation at the membrane. The GAP that
inactivates Ypt31/32 is not identified so far (dashed line). See Section 1.1.5 for details. Modified
from Jean and Kiger (2012)
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1.1.5.1 Rab cascades
S. cerevisiae secretion In S. cerevisiae secretion, compartment identity and
function of cis-Golgi, trans-Golgi and secretory vesicles is conferred by Rabs Ypt1
(ortholog of mammalian Rab1), Ypt31/Ypt32 (orthologs of mammalian Rab11),
and Sec4 (ortholog of mammalian Rab8), respectively (Fig.1.3). The maturation
of Golgi cisterns into secretory vesicles depends on the subsequent recruitment of
Ypt1, Ypt31/Ypt32, and Sec4 through Rab GEF/GAP cascades and the binding of
compartment-specific effectors. Two forms of the multisubunit tethering TRAPP
complex, TRAPP I and II, persistently localize to the cis- and trans-Golgi and serve
as GEFs for Ypt1 and Ypt31/Ypt32, respectively (Zou et al., 2012). Local activation
of Ypt1 recruits the coiled-coil Golgin Uso1 that tethers ER-derived COPII vesicles
to the cis-Golgi for membrane fusion (Cao et al., 1998). Upon local activation
through TRAPP II, Ypt31/Ypt32 recruit Gyp1, a Ypt1 GAP, that inactivates Ypt1
and triggers its dissociation from the maturing Golgi cisterns (Rivera-Molina and
Novick, 2009). In addition, active Ypt31/Ypt32 also targets Sec2, the GEF for Sec4,
to the trans-Golgi resulting in Sec4 activation and subsequent formation of secretory
vesicles (Ortiz et al., 2002 and reviewed in Segev, 2001).
S. cerevisiae endosomal-to-vacuolar transport Endosomal-to-vacuolar transport
in S. cerevisiae is essentially regulated by the subsequent recruitment of multisubunit
tethering complexes: the endosomal CORVET (Vps3, Vps8, Vps11, Vps16, Vps18
and Vps33) (Peplowska et al., 2007) and the vacuolar HOPS (Vps11, Vps16, Vps18,
Vps33, Vps39 and Vps41) (Seals et al., 2000) complex. CORVET specifically binds
to the activated form of endosomal Vps21/Ypt51 (ortholog of mammalian Rab5)
via its subunit Vps8 (Markgraf et al., 2009; Peplowska et al., 2007). HOPS binds
to the vacuolar Rab Ypt7 (ortholog of mammalian Rab7) via Vps41 (Ostrowicz et
al., 2010; Seals et al., 2000). CORVET and HOPS share a complex of four class C
core proteins, Vps11, Vps16, Vps18 and Vps33, bridging two lateral subunits that
specifically bind distinct Rabs and SNAREs (Epp et al., 2011). This suggests that
CORVET-to-HOPS conversion during endosome maturation might occur by simple
subunit interchange. However, recent data indicates that neither Vps8 (CORVET)
nor Vps41 (HOPS) are GEFs for Vps21/Ypt51 and Ypt7, respectively (Ostrowicz
et al., 2010). At the end of the Rab cascade, Gyp7, a Ypt7 GAP, stimulates GTP
hydrolysis of Ypt7 (Brett et al., 2008) resulting in the disassembly of the tethering
complex (reviewed in Segev, 2001).
The mechanism of endosomal-to-vacuolar fusion through subsequent recruitment
of tethering complexes is conserved from yeast to mammals since components
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of the CORVET and HOPS complexes have also been shown to be required for
endosomal-to-lysosomal trafficking in mammalian cells (Perini et al., 2014; Rink et
al., 2005).
Rab5 to Rab7 conversion in mammals Another example for Rab cascades is
the conversion from Rab5 to Rab7 as cargo propagates through the endolysosomal
system (Rink et al., 2005). Upon cargo internalization at the plasma membrane,
early endosomes recruit Rab5 as the key nucleation factor for a multi-effector protein
machinery that gets stabilized through positive feedback mechanisms as described in
Section 1.1.4. The Rab conversion model predicts the existence of factors required
to disrupt positive feedback loops (Del Conte-Zerial et al., 2008). Similarly to S.
cerevisiae Golgi maturation, this can be achieved by destabilizing the ’upstream’
Rab through displacement of its Rab GEF or recruitment of the respective Rab
GAP. In addition, Rab conversion also requires the simultaneous binding of factors
that recruit Rab GEFs to activate the ’downstream’ Rab. Assembly and disassembly
of the Rab5 machinery is extremely dynamic and correlates with a high frequency
of Rab5-dependent homotypic fusion/fission events in vitro (Rink et al., 2005) and
in vivo (Zeigerer et al., 2012) that is regulated by coiled-coil tethering factors
such as EEA1 (Simonsen et al., 1998; Christoforidis et al., 1999a). Concomitantly,
internalized cargo destined for recycling gradually sorts into Rab4 domains that
eventually bud from Rab5 compartments. This way, cargo recycling and endosome
fusion both lead to progressively fewer and larger endosomal compartments that
accumulate degradative cargo as they propagate from the plasma membrane through
the endolysosomal network (reviewed in Segev, 2001).
Rab conversion from Rab5 to Rab7 is a conserved mechanism that has also been
shown to regulate the transition from early to late endosomes in Caenorhabditis
elegans coelomocytes (Poteryaev et al., 2010). In addition, this study identified
SAND-1 (ortholog of mammalian Mon1) to be the factor that, first, promotes the
switch between Rab5 and Rab7 by displacing RABX-5, the Rab5 GEF, and, second,
recruits the HOPS complex, the Rab7 GEF. Knock down of the two mammalian
isoforms, Mon1a and Mon1b, in HeLa cells suggests that Mon1 might have an
equivalent function to SAND-1in C. elegans (Poteryaev et al., 2010).
1.1.5.2 Phosphoinositide cascades
In addition to the subsequent replacement of Rab proteins and their effectors,
the establishment and maintenance of endomembrane compartment identity also
relies on a switch in PIP membrane composition. Phosphoinositide-metabolizing
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enzymes can be recruited as PIP effectors, as exemplified by the conserved PIP
cascade along the endosomal-to-vacuolar/lysosomal pathway in S. cerevisiae and
mammals. During endosome maturation, the main PIP constituents of plasma
membrane (PI(4,5)P2), early endosomes (PI(3)P), late endosomes/multivesicular
body (PI(3,5)P2) and vacuole/lysosomes (PI(3,5)P2) are subsequently interconverted
by locally recruited phosphoinositide kinases and phosphatases. Upon budding
from the plasma membrane, early endosomal PI(3)P is synthesized through the
activity of the PI 3-kinase Vps34/PIK3C3. PI(3)P synthesis, in turn, triggers the
subsequent membrane recruitment of ’downstream’ FYVE zinc finger domain effectors
such as mammalian EEA1 or PI(3)P-5-kinases (Fab1 in S. cerevisiae and PIKfyve
in mammals). Fab1/PIKfyve converts early endosomal PI(3)P into vacuolar/late
endosomal PI(3,5)P2facilitating a switch of compartment-specific effectors. The
kinetics of PIP conversion and, therefore, the rate of endosomal maturation is
essentially regulated by adaptor protein-mediated coupling of phosphoinositide
phosphatases and their respective partner kinases (reviewed in Jean and Kiger,
2012).
1.1.5.3 Interconnection of Rab and phosphoinositide cascades
Rab and PIP cascades do not only act in parallel but are interconnected, involving
both Rab-mediated recruitment of PIP regulators and, conversely, PIP-mediated
recruitment of Rab regulators. The first scenario has been demonstrated by the
stimulation of local PI(3)P synthesis through the mammalian Rab5 effectors hVps34
and PI3Kb (both PI 3-kinases) (Christoforidis et al., 1999b), and PI 5- and PI
4-phosphatases (Shin et al., 2005) during early endosomal fusion. In addition to
its function as Rab5 effector, another study has shown that hVps34 is also involved
in synthesizing PI(3)P on late endosomes in a Rab7-dependent manner (Stein et
al., 2003). An example for PIPs regulating a Rab switch is the release of secretory
vesicles from the trans-Golgi in S. cerevisiae. Here, the trans-Golgi Rab Ypt32 and
the Sec4 effector Sec15, a component of the exocyst complex that targets secretory
vesicles to the plasma membrane, compete for binding with Sec2, the GEF for Sec4
(Mizuno-Yamasaki et al., 2010). High levels of PI(4)P at the trans-Golgi initially
promote the Ypt32-mediated recruitment of Sec2 by preventing its interaction with
Sec15. This results in an amplification of Sec4 activity as long as secretory vesicles are
generated. As secretory vesicles mature, PI(4)P levels drop resulting in an increased
binding of Sec15 to Sec4 that triggers the release of matured secretory vesicles from
the trans-Golgi compartment (reviewed in Jean and Kiger, 2012).
These examples collectively indicate that Rab conversion is a conserved mechanism
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to dynamically change the identity, and therefore the fate, of endomembrane
compartments. The identification of other instances of Rab conversion requires
comprehensive knowledge about the subcellular localization of Rab proteins and
their organization in Rab domains.
1.1.6 Endomembrane compartment architectures in
differentiated cells
A common set of organelles and membrane transport pathways can be found from
unicellular to multicellular eukaryotes whose identity and function is essentially
assigned by conserved Rab proteins and their effectors (Fig.1.4). In contrast to
most other free-living eukaryotes, fungi comprise a very small number of Rab
proteins. For example, the single celled fungi Schizosaccharomyces pombe and
S. cerevisiae harbor eight (Ypt1/Rab1), Ypt2/Rab8, Ypt3/Rab11, Ypt4/Rab4
Ypt5/Rab5, Ypt6/Rab6, Ypt7/Rab71) and 11 (Ypt1/Rab1, Sec4/Rab8, Ypt3/Rab112,
Ypt5/Rab53, Ypt6/Rab6, Ypt7/Rab7, Ypt10, Ypt11) Rab family members that almost
all have mammalian orthologs (Pereira-Leal, 2008).
Their common localization is summarized in Figure 1.4. Briefly, Rab1 (ER to Golgi)
and Rab8 (TGN to plasma membrane) organize anterograde and Rab6 (intra-Golgi
and Golgi to ER) retrograde transport in the secretory pathway; Rab5 (EE fusion) is
essentially involved in EE biogenesis; Rab4 (EE to plasma membrane) and Rab11 (RE
to plasma membrane) engage in recycling and Rab7 (LE to lysosome) in degradation
of endocytosed cargo (reviewed in Zerial and McBride, 2001; Hutagalung and Novick,
2011).
The small Rab complement present in fungi suggests that those Rabs are minimally
required to organize common membrane transport pathways including secretion,
recycling and degradation. Their conserved expression across almost all eukaryotes
implies that these Rabs exert cell biological functions that are generally required
in all cells. In contrast to simple eukaryotes, multicellular organisms comprise
various differentiated cell types with specialized functions. The increased, and
variable, number of Rab family members in complex eukaryotes, such as Drosophila
melanogaster (29 Rabs), Arabidopsis thaliana (57 Rabs), and humans (66 Rabs)
(Pereira-Leal and Seabra, 2001; Klöpper et al., 2012), strongly indicates that a high
flexibility of intracellular trafficking pathways has contributed to the vast differences
in eukaryotic cell types with special features and specialized functions.
1
S. pombe expresses Ypt7 and Ypt71 that are subfamilies of Ypt7.
2
S. cerevisiae expresses Ypt31 and Ypt32 that are subfamilies of Ypt3.
3
S. cerevisiae expresses Ypt51, Ypt52 and Ypt53 that are subfamilies of Ypt5.
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Figure 1.4: Rab proteins assign endomembrane compartment identity and regulate
vesicle transport pathways. Synthesized cargo subsequently progresses through endoplasmic
reticulum (ER), ER-Golgi intermediate compartment (ERGIC), Golgi apparatus, trans-Golgi
network (TGN) and is transported through secretory vesicles to the plasma membrane. Endocytic
cargo is internalized from the plasma membrane, sorted into early endosomes (EE) and either
recycles through recycling endosomes (RE) back to the plasma membrane, or propagates through
late endosomes/multi vesicular bodies (LE/MVB) to be degraded in lysosomes (Lys). Rab
proteins confer endomembrane compartment identity and regulate cargo vesicle transport. Their
specific localization to endomembrane compartments is highlighted and arrows indicate major
vesicle transport routes that connect secretion, recycling and degradation. Note that multiple
Rabs can form Rab domains on the same endomembrane compartment. See Section 1.1.6 for
details.
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How do differentiating cells reorganize their cellular architecture, and specifically
their transport machinery, to perform cell type-specific functions? Cell differentiation
and its functional specialization is typically achieved by differential gene expression.
For example, Rab3 is a key component of the secretory machinery in neurons and
mainly implicated in neurological diseases (reviewed in Lang and Jahn, 2008) (see
Section 1.3). Rab5a, Rab18 and Rab20 show differential expression patterns between
cell types of mouse kidneys (Lütcke et al., 1994). Rab17 is an example for a Rab that
is specifically expressed in epithelial tissues as shown by its specific expression in
mouse kidney, liver, and intestine (Lütcke et al., 1993). Alternatively, a reorganized
membrane transport architecture might also account for functional specialization
of differentiated cells. This has been, for example, demonstrated by differential
localization of Rab18 to apical or basal domains in different epithelial cells (Lütcke
et al., 1994).
Does the degree of amino acid sequence similarity between Rab proteins predict its
corporate or diverse cell type expression and localization patterns? Rab3 and Rab27
are evolutionary closely related (Klöpper et al., 2012; Elias et al., 2012; Diekmann
et al., 2011) and both Rabs synergistically regulate synaptic vesicle release in C.
elegans (Mahoney et al., 2006). Their simultaneous knock down in D. melanogaster
neurons that trigger insulin release, results in disrupted systemic insulin signaling
(Brankatschk et al., 2014). In contrast, distantly related Rab3A and Rab15 share
similar expression patterns in rat brains, while expression patterns of Rab3A and
its closely related Rab16 strongly diverge (Elferink et al., 1992). Human Rab6B,
an isoform of the ubiquitously expressed Rab6A, is expressed in a tissue and cell
type-specific manner although both Rabs share 91% amino acid sequence similarity
(Opdam et al., 2000). This suggests that another mechanism likely regulates its
corporate localization.
Rab proteins are critically required for membrane transport but their activity is
essentially regulated by a plethora of effector proteins. Knowledge about their specific
effectors in differentiated cells is key to understand their function. However, for many
Rabs only few, if any, effectors have been identified. A recent study describes the
comprehensive mapping of Rab effectors in D. melanogaster S2 cells (Gillingham et
al., 2014) and their analysis in different cell types in vivo will be beneficial to assign
specific functions to Rab proteins. Cell type expression and subcellular localization
of Rab proteins and their effectors has not yet been comprehensively analyzed in
the context of their deployment in functionally specialized cells. Thus, profiling
Rab protein expression and localization across stem cells and their differentiated
derivatives, and its subsequent functional analysis are clearly inevitable.
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1.1.7 Polarized endomembrane transport in epithelial cells
Cell polarity is a common principle across eukaryotic cells that results from directed
trafficking of lipids and proteins to specific membrane domains. Some cells are
transiently polarized during migratory stages, e.g. fibroblasts, while others such as
neurons and epithelia comprise stable membrane domains. Epithelial cells form a
tight barrier that separates the interior of the organism from the environment. A
fundamental feature of epithelial cells is the presence of an apicobasal axis that is
defined by the polarized distribution of lipids and principle protein modules, including
Crumbs (Crb), Partitioning defective (PAR) and Scribble (Scrib), along the plasma
membrane. In D. melanogaster epithelia, apical membrane identity is conferred by
both the Crb module (Crb, Stardust, DPatj) and PAR module (Atypical protein
kinase C (aPKC), Par6, Cdc42, Bazooka), while the Scrib module (Scrib, Lethal giant
larvae, Discs large (Dlg)) defines the basolateral membrane. The apical and basal
membrane domains are stabilized by regulatory interactions that repel each other
from free diffusion and facilitate the formation of adherens and septate junctions
(reviewed in Laprise and Tepass, 2011).
These spatial cues are essential to orient intracellular membrane trafficking. Proteins
destined for plasma membrane transport are sequentially transported through the
Golgi apparatus, trans-Golgi network and emerge in apically or basally-directed
vesicles. Along the post-Golgi route to the plasma membrane, apical (Cresawn et
al., 2007; Cramm-Behrens et al., 2008) and occasionally basolateral (Ang et al.,
2004) membrane transport pathways can also deploy distinct subsets of endosomal
compartments, e.g. the recycling endosome.
The polarized transport of proteins towards the apical or basolateral membrane is
mediated by sorting signals. Many basolateral proteins comprise tyrosine (e.g. Low
density lipoprotein receptor (LDLR)) or dileucine-based (e.g. Immunoglobulin Fc
receptor (FcR)) motifs in their cytoplasmic protein domains that are essential for
the recruitment of adapter (e.g. Clathrin adaptor protein-1 (AP-1)) and coat (e.g.
clathrin) proteins. By contrast, apical protein sorting seems more complex since it
depends on a plethora of sorting signals (e.g. glycosylphosphatidylinositol (GPI)
anchors, N- and O-linked glycosylation) encoded in extracellular, transmembrane
and cytoplasmic protein domains, as well as diverse sorting mechanisms (e.g. lipid
rafts, galectins) (reviewed in Weisz and Rodriguez-Boulan, 2009; Cao et al., 2012;
Farr et al., 2009).
Upon cargo segregation into distinct membrane domains, Rabs orchestrate vesicle
formation, transport along cytoskeletal tracts, and fusion with the specific target
endomembrane compartment. The trans-Golgi network turns out to be a main sorting
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hub that integrates secretory and endocytic vesicle transport of de novo synthesized
and recycled cargo. In MDCK cells, Rab8 localizes to the Golgi network, vesicular
structures and the basolateral plasma membrane (Huber et al., 1993b). Expression
of a constitutively active rab8 allele or overexpression of wild type rab8 cause apical
mis-sorting of basolaterally destined AP-1B-dependent LDLR but does not affect
overall polarity or the secretory pathway in general (Ang et al., 2003). Another
basolateral protein (FcR) that does not depend on AP-1B was not affected. Thus,
Rab8 specifically regulates basolateral sorting of AP-1B-dependent cargo in MDCK
cells. In polarized Eph4 cells, Rab17 localizes to the apical recycling endosome. Its
functional analysis by dominant negative/active Rab17 expression strongly suggested
that it is involved in polarized sorting at the apical membrane (Zacchi et al., 1998).
The retrograde transport route is a highly conserved pathway that connects the
endolysosomal system with the biosynthetic trans-Golgi network. Retrograde protein
trafficking mediates retrieval of various endocytosed transmembrane proteins, such
as the Mannose 6-phosphate receptor, from late endosomes. Key components of this
pathway are Rab9 (Lombardi et al., 1993) and retromer (Seaman et al., 1998), a
multi-protein complex that initiates membrane tubulation at late endosome. The
essential role of retrograde transport for epithelial integrity has been demonstrated by
its role in regulating apical Crb protein levels. Impaired retromer function prevents
Crb retrieval from the degradation pathway resulting in reduced levels of apical Crb
that are insufficient to reinforce apical localization of aPKC and Par6 (Pocha et al.,
2011). Another study shows that retromer localization to late endosomes and its
function are essentially regulated by the basolateral Scrib module. Scrib module
mutants show intact endocytosis and endolysosomal trafficking but mis-localized
Rab9 and disturbed retromer organization on endosomes (de Vreede et al., 2014).
These two studies point into the direction that the basolateral Scrib module controls
epithelial polarity by organizing cargo sorting, e.g. Crb, that passes through the
retromer complex. Finally, local endocytosis of Crb at the apical membrane has been
shown to restrict Crb module expansion. D. melanogaster Avalanche (Avl) encodes
for a Syntaxin that localizes to Rab5-positive early endosomes (Lu and Bilder, 2005).
Both avl and rab5 mutant cells prevent apical Crb internalization resulting in an
expansion of the apical membrane domain.
Collectively, these data highlight the key role of both the secretory and endocytic
membrane transport machinery in regulating apicobasal polarity in epithelia. However,
it is an open question whether polarized membrane transport relies on a general Rab
architecture that is common to all epithelial cells.
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1.2 Evolution of intracellular membrane trafficking
pathways
1.2.1 Rab family evolution as a driving force for eukaryotic
endomembrane diversity
The eukaryotic kingdom has evolved over the course of roughly two billion years giving
rise to a vast diversity of extant unicellular and multicellular organisms (Hedges, 2002).
A common feature of eukaryotes is the presence of endomembrane compartments
that are interconnected by conserved tubulovesicular transport machineries. Cargo
transport between compartments is mediated by CPC, Ypt/Rab and SNARE protein
families, that guide membrane fission, motility and fusion (reviewed in McMahon
and Mills, 2004; Jahn and Scheller, 2006; Hutagalung and Novick, 2011; Zerial and
McBride, 2001) (see Section 1.1.1).
The individual contribution of CPC, Rab and SNARE protein families for eukaryotic
diversification during evolution can be assessed by the variety in number of its
members. Comparative genomic studies have been instrumental in identifying
members of protein families involved in membrane trafficking from yeast to man.
According to Bock et al. (2001), protein families that display a great divergence
in number of its members are likely candidates that drive the evolution of the
eukaryotic endomembrane system. The main results and conclusions from this study
is summarized in this section.
Bock et al. (2001) found that the number of CPCs is rather constant between
S. cerevisiae (6 members, 31 subunits), C. elegans (6 members, 29 subunits), D.
melanogaster (6 members, 29 subunits) and humans (7 members, 53 subunits)
suggesting that the core CPC machinery is conserved across eukaryotes. The increase
of CPC subunits in humans suggests that a greater pool of interchangeable subunits
allows more specialized cargo recognition and sorting by the core CPC machinery.
They also found that the SNARE family does not display obvious changes between S.
cerevisiae (21 members), C. elegans (23 members), D. melanogaster (20 members),
but expanded moderately (1.5-fold) in humans (35 members). The increase of SNARE
family members in humans supports the idea of a greater demand for specialized
cargo transport in humans.
The Rab family, however, has expanded substantially (6-fold) with increasing
cellular complexity from S. cerevisiae (11 members), C. elegans (29 members), D.
melanogaster (26 members) to humans (60 members). According to Bock et al.
(2001), it suggests that Rab proteins and their effectors are the primary target for
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Figure 1.5: Evolution of Rab family proteins. Eukaryotic taxonomy representing the
evolution of Rab family proteins since the last eukaryotic common ancestor (LECA). The
LECA harbored up to 23 ancient Rab orthologs that are conserved to different extend across
eukaryotic taxa (red circles indicate secondary loss). A strong expansion of Rab family members
is eminent at the root of the metazoan lineage (indicated by blue circles). Bold numbers
highlight Rab orthologs that are present in D. melanogaster. Note that the D. melanogaster
standard name of Rab50 is RabX1; RabX5 is likely an ortholog of Rab34; metazoan Rabs 26,
40, X4, X6 are missing from the figure. See Section 1.2.2 for details. Modified from Elias et al.
(2012).
the diversification of membrane transport pathways, for example by modulating Rab
membrane specificity or effector binding properties. These data further show that
the emergence of vertebrates correlated with a general increase in all three major
protein families suggesting a more sophisticated regulation of protein transport than
in other eukaryotes.
Although the number of family members determined in this study is slightly
outdated and has partially increased in the last decade, this comparative genomic
approach highlighted that Rab family expansion likely accounts for the diversification
eukaryotic endomembrane transport during evolution.
1.2.2 The last eukaryotic common ancestor (LECA) had a
remarkably complex endomembrane transport system
Phylogenetic studies have been extensively used to trace protein families back to
their origins. More advanced phylogenetic approaches and an increasing number of
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available genome sequences from a great variety of extant eukaryotes, now, allow
the reconstruction of the putative last eukaryotic common ancestor (LECA) in
unprecedented resolution.
The LECA is a hypothetical organism, harboring a nucleus and mitochondria, that
predates the evolution of eukaryotes as they diverged from bacteria. The construction
of the LECA relies on the frequency and distribution of protein orthologs in hundreds
of extant eukaryotes from the five main supergroups, i.e. Excavata (unicellular
eukaryotes), SAR+CCTH, Archaeplastida (land plants and algae), Amoebozoa and
Opisthokonta (e.g. fungi, choanoflagellates and metazoans) (Fig.1.5). An ortholog
that is often represented in these supergroups probably derived from an ancestral
eukaryote and rather rules out convergent evolution in independent lineages or lateral
gene transfer between eukaryotes. The common theme that emerges from various
phylogenetic studies is that the LECA already comprised a remarkable complex
intracellular architecture, including e.g. an actin- and tubulin-based cytoskeleton
with motor proteins, as well as endomembranes connected by rather sophisticated
secretory and endocytic tubulovesicular transport routes (reviewed in Koumandou et
al., 2013).
Three independent studies recently proposed that the Rab protein family present
in the LECA already comprised up to 23 ancient Rab paralogs, and that about half
of these ancient Rabs can be clearly assigned to secretory and endocytic pathways
(Klöpper et al., 2012; Elias et al., 2012; Diekmann et al., 2011) (Fig.1.5). The D.
melanogaster genome harbors 29 rab genes, and a complement of 15 ancient Rabs,
i.e. Rabs 1, 2, 4, 5, 6, 7, 8, 11, 14, 18, 21, 23, 32, X14 and X55 (bold numbers in
Fig.1.5), was already present in the putative LECA (Elias et al., 2012). However, the
emergence of this plethora of eukaryotic genes in the LECA is not well resolved, yet.
Klöpper et al. (2012) further provide statistical support that LECA Rabs can be
placed into six phylogenetic supergroups representing major membrane transport
pathways of extant eukaryotes: secretion (group I), early (group II) and late (group
III) endosomal trafficking, recycling from endosomes to the plasma membrane (group
IV) or to the Golgi apparatus (group V), and cilia/flagella-related transport (group
VI). Each phylogenetic Rab supergroup, except group VI, harbors exactly one
representative Rab ortholog that appears indispensable among eukaryotes: Rab1
(group I), Rab5 (group II), Rab7 (group III), Rab11 (group IV) and Rab6 (group V).
These phylogenetic data imply that a primitive pre-LECA presumably harbored at
least five ancient Rab paralogs that were sufficient to organize simple secretory and
4RabX1 and Rab50 (see Elias et al., 2012) are synonyms.
5RabX5 might be an ancient Rab34 ortholog [Marek Eliáš, personal communication]. According
to Elias et al. (2012) Rab34 is a LECA Rab.
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endocytic membrane transport routes. The minimal Rab repertoire present in some
extant eukaryotes, such as S. pombe (8 Rabs) and S. cerevisiae (11 Rabs), supports
this assumption.
1.2.3 Secondary losses and taxon-specific expansions sculpt
the Rab family since the LECA
The surprising intracellular complexity of the putative LECA that probably comprised
up to 23 ancient Rab paralogs contrasts the simple endomembrane trafficking system
of some extant eukaryotes that diverged thereafter. Comparing the number of LECA
Rabs with the Rab complement of lower extant eukaryotes, such as the yeast family
(8 members in S. pombe and 11 members in S. cerevisiae), indicates that secondary
loss of Rab proteins is a major evolutionary mechanism that sculpts endomembrane
transport routes (Elias et al., 2012; Diekmann et al., 2011; Pereira-Leal, 2008; Klöpper
et al., 2012).
Due to a varying frequency of secondary losses, LECA Rabs have been conserved
across eukaryotes to different extend (Klöpper et al., 2012; Elias et al., 2012). Humans
are among the eukaryotes that conserved most LECA Rab orthologs, while the yeast
family displays a high frequency of secondary losses. LECA Rabs shared between
S. cerevisiae and S. pombe include orthologs of the mammalian Rabs 1, 5, 6, 7,
8 and 11. In addition, S. pombe harbors an ortholog of mammalian Rab4 that is
also among the LECA Rab group. The shared Rab repertoire present in budding
and fission yeast likely represents the minimal set of Rabs that is fundamentally
required to organize general secretory and endocytic membrane transport routes.
The fundamental function of this small subset of LECA Rabs is highlighted by its
conservation across eukaryotes, among them D. melanogaster.
The 15 LECA Rabs present in D. melanogaster can be arranged in four groups.
These groups are based on their degree of conservation in extant eukaryotes according
to Klöpper et al. (2012); Elias et al. (2012). The first group includes Rab1 and Rab11
that have never been lost from any extant eukaryote investigated so far, reflecting
the fundamental role of secretory and endocytic trafficking pathways for general cell
function. A second group of LECA Rabs, comprising Rabs 5, 6 and 7, has been
rarely lost in eukaryotes. Due to their high degree of indispensability, I will refer
to the members of these two groups as ’core Rabs’. Core Rabs each represent an
indispensable member from five of the six phylogenetic supergroups proposed by
Klöpper et al. (2012) (see Section 1.2.2), suggesting that orthologs of the core Rabs
likely have been present in a primitive pre-LECA.
Rab4 and Rab8, both of which are also present in S. cerevisiae and S. pombe,
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comprise, together with Rab2 and Rab18, a third group of LECA Rabs that have been
sometimes lost in eukaryotes. The remaining LECA Rabs present in D. melanogaster,
i.e. Rabs 14, 21, 23, 32, X1 and X5, belong to a fourth group of Rabs that are
often lost across eukaryotes. Notably, it seems evident that RabX5 is an ortholog of
Rab34 [Marek Eliáš, personal communication], however the position of the ancient
RabX5/Rab34 ortholog in evolution is under debate - a LECA Rab according to
Elias et al. (2012) or a metazoan derivative from Rab8 according to Klöpper et
al. (2012). I decided to consider it as an ancient LECA Rab that is often lost in
accordance with Elias et al. (2012).
In addition to secondary losses, phylogenetic analysis of the Rab protein family
identified an evolutionary peculiarity that has not been detected in any other protein
family involved in membrane transport so far: a sudden taxon-specific expansion
by about 50 percent at the stem lineage of multicellular animals (metazoans)
approximately 1 to 0.6 billion years ago (Elias et al., 2012; Hedges, 2002). The
genome of D. melanogaster nicely illustrates this tremendous expansion of Rab family
members.
The metazoan Rab complement of D. melanogaster comprises 14 family members,
i.e. Rabs 3, 96, 10, 19, 26, 27, 30, 35, 39, 407, X2, X3, X48 and X6, that is about
half of its total Rab repertoire. As indicated by footnotes, some of these Rabs did
not directly emerge at the root of the metazoan lineage but slightly earlier or later.
To achieve a more simple confinement between Rabs present or not present in the
LECA, I decided to place them into the ’metazoan Rab’ category.
Protein family expansions generally require, first, gene duplication events and,
second, the preservation of novel gene function. A gene duplication event commonly
results in pseudogenization and subsequent loss of the duplicate. However, it can
also evoke either the acquisition of a novel beneficial function of the duplicate
(neo-functionalization) or, more rarely, the subdivision of functions between the
duplicate and the ancestral protein (sub-functionalization) (reviewed in Innan and
Kondrashov, 2010).
Given that the Rab protein family of D. melanogaster represents many features
of Rab protein evolution in eukaryotes, the study presented her is an important
6Rab9 emerged from Rab7 duplication already in Holozoa, a clade that includes Metazoa [Marek
Eliáš, personal communication].
7Rab40 emerged from Rab18 duplication in Bilateria, a clade that is part of Metazoa [Marek Eliáš,
personal communication].
8RabX4 is absent from Porifera (sponges), Placozoa, and Ctenophora. Given, that these clades
are the most basal lineages of Metazoa (Philippe et al., 2009), RabX4 emerged from Rab8
presumably in Cnidaria (jellyfish, hydra and sea anemones) or Bilateria, both clades that are
part of Metazoa [Marek Eliáš, personal communication].
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first step to explore the conservation of Rab protein expression in a complex model
organism.
1.2.4 Rab family expansion and its functional implications in
metazoans
Comparing the size of the Rab complement in unicellular (approximately 10-20 Rabs)
and multicellular (more than 20, up to 66 Rabs) organisms led to the assumption
that the number of Rabs correlates with multicellularity (Pereira-Leal and Seabra,
2001). For example, S. pombe (8 Rabs) and S. cerevisiae (11 Rabs) represent extreme
cases of Rab protein reduction among unicellular eukaryotes (Pereira-Leal, 2008). A
more elaborate Rab complement coincides with multicellular organisms such as C.
elegans (29 Rabs), D. melanogaster (29 Rabs), Arabidopsis thaliana (57 Rabs), and
humans (66 Rabs) (Pereira-Leal and Seabra, 2001; Klöpper et al., 2012). However,
other unicellular eukaryotes, such as Entamoeba histolytica (105 Rabs), Trichomonas
vaginalis (at least 65 Rabs) and Dictyostelium discoidium (54 Rabs), contrast the
correlation of multicellularity with the number of Rab family members (Lal et al.,
2005). Although a few expansions of the Rab complement can be found in Fungi,
Amoebozoa and Archaeplastida, an equivalent expansion of the Rab family, as
it occurred at the root of metazoans, is not apparent in any stem lineage other
multicellular organisms (Elias et al., 2012). Therefore, the metazoan Rab family
expansion is seemingly not driven by multicellularity per se.
Alternatively, Rab family expansion might be key for functional specialization of
cells. Choanoflagellates, e.g. Monosiga brevicollis, are unicellular eukaryotes and
considered to be the closest living phylogenetic relatives of Metazoa (Hedges, 2002).
Monosiga brevicollis as well as their basal metazoan relatives, Trichoplax adhaerens
(Placozoa) and Nematostella vectensis (Cnidaria), comprise almost all Rabs present
in the LECA (Klöpper et al., 2012; Elias et al., 2012). However, only the metazoan
lineage gave rise to complex eukaryotes such as humans. It seems likely that, due
to the sudden Rab family expansion, early metazoans gained a greater degree of
flexibility to ’explore’ novel endomembrane transport routes. As a result, the more
sophisticated endomembrane system of early metazoans has likely been a key driving
force in evolution of complex eukaryotes comprising specialized cell types, tissues,
and organs.
Functional specialization and division of labor necessitate corresponding adaptation
of cell morphology and membrane transport pathways as exemplified by neurons
and epithelial cells. Both cell types are evolutionary novelties that emerged together
with the earliest metazoans (Leys and Riesgo, 2012; Marlow and Arendt, 2014). Rab
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family expansion at the root of the metazoan lineage features a strong bias towards
secretory Rabs representing the first phylogenetic supergroup (Klöpper et al., 2012)
(see Section 1.2.2). In this group 15 metazoan Rabs, out of which 13 are present in
D. melanogaster, diverged from only three LECA Rab orthologs9, while the other
groups do not show any significant expansion (Klöpper et al., 2012).
The dramatic increase of secretory Rabs coincides with the emergence of neurons
and epithelial cells in earliest metazoans. Epithelia comprise polarized endomembrane
transport pathways that distribute lipids and proteins to distinct plasma membrane
domains (see Section 1.1.7). Polarized transport to axonal and somatodendritic
domains has been suggested to rely on sorting mechanisms similar to the apical and
basolateral membrane of epithelial cells, respectively (Dotti and Simons, 1990). This
functional analogy was demonstrated by the polarized transport of Rab8-positive
vesicles to the basolateral plasma membrane in epithelia (Huber et al., 1993b) and
to the dendritic surface in neurons (Huber et al., 1993a). In addition to the role
of the secretory pathway for internal lipid and protein distribution, Rabs 3 and 27
transport neurotransmitters along Rab8-derived pathways to synergistically engage
in vesicle release at the synapse (Mahoney et al., 2006).
To what extend the phylogenetic relationship of Rabs predicts their cell type
expression, subcellular localization and function in different specialized cell types is
not clear yet.
1.3 Rabs in disease
Rab GTPases and their effectors play a fundamental role in nearly every kind
of membrane transport step ranging from cargo sorting, transport and targeting.
Disturbance of Rab-mediated transport has been implicated in several hereditary
and acquired human diseases such as neurodegeneration, diabetes, and cancer. A
prevalent theme of several inherited human diseases that are associated with perturbed
Rab function is an enhanced manifestation of neurological disorders. Neurons are
among the cell types featuring the most complex morphology and highest structural
plasticity. The simultaneous processing of incoming information, its integration
and an according response through synaptic neurotransmitter release comprise a
complex challenge for the membrane trafficking machinery. These features might
render neurons highly susceptible to perturbation. Many neurological diseases are
9RabX5 might be an ancient Rab34 ortholog [Marek Eliáš, personal communication]. According
to Klöpper et al. (2012) Rab34 is not a LECA Rab but diverged from Rab8 at the root of
metazoans. As I decided to consider it as an ancient LECA Rab that is often lost in accordance
with Elias et al. (2012), it is neglected here.
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directly associated with disrupted Rab-mediated transport, fusion, neurotransmitter
release and synaptic recycling (reviewed in Mitra et al., 2011).
Given the wide range of disorders that are directly related with Rab mis-function,
I will only focus on those with possible implications from this thesis.
1.3.1 Warburg micro syndrome
Neuron-specific RAB3 is a key component for exocytic release of neurotransmitters
and hormones (reviewed in Lang and Jahn, 2008). The activity of RAB3 is, among
others, regulated by RAB3 GTPase activating proteins (RAB3 GAPs). Warburg
micro syndrome is characterized by developmental eye and brain defects, mental
retardation and microcephaly due to mutations in RAB3GAP1, RAB3GAP2 that
regulate RAB3 activity (Aligianis et al., 2005). RAB18 mutations have also been
shown to contribute to Warburg micro syndrome (Bem et al., 2011). The authors
propose that both genes, RAB3 and RAB18, might be involved in secretion of ocular
and neurodevelopmental trophic factors.
1.3.2 X-linked mental retardation
Upon secretory vesicle release, inactive RAB3 is normally retrieved from the membrane
and solubilized by RAB3 GDP dissociation inhibitors (RAB3 GDIs) in preparation
of a new secretion cycle. Mutations in GDI1, a highly expressed gene on the
X-chromosome, are associated with X-linked mental retardation (D’Adamo et al.,
1998). This study also identified the substrate of GDI1, which is RAB3. The authors
further demonstrated that the binding of RAB3A to GDI1 is strongly reduced
resulting in perturbed RAB3A recycling after inactivation.
1.3.3 Griscelli syndrome
Griscelli syndrome is an autosomal recessive disease caused by mutations in genes, i.e.
myosinVA, RAB27A and melanophilin (RAB27 effector), that regulate melanosome
trafficking (Ménasché et al., 2000). Interruptions in melanosome transport along
microtubules results in pigment dilution in hair and skin. Patients that specifically
carry an mutation in RAB27A acquire immunodeficiencies in addition to the severe
neurological impairment.
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1.3.4 Charcot-Marie-Tooth disease type 2B
Two missence mutations in the ubiquitously expressed RAB7 gene have been identified
to cause sensory and motor neuropathy in patients suffering from Charcot-Marie-Tooth
disease type 2B (Verhoeven et al., 2003). These mutations are of special interest since
they reduce GTP hydrolysis from RAB7 resulting in an prolonged activation. The
concrete mechanism by which disturbed RAB7 activity causes Charcot-Marie-Tooth
disease type 2B is not entirely clear. However, it is speculated that neurodegeneration
results from increased endolysosomal transport of trophic factors that regulate cell
survival.
1.3.5 Carpenter syndrome
Mutations in RAB23 have been identified to cause Carpenter syndrome, a disease
that results in skull deformation, polydactyly, brachydactyly, obesity, and intellectual
disability due to disrupted Sonic hedgehog (Shh) signaling during embryogenesis.
In vertebrates, RAB23 generally functions as a negative regulator of Shh signaling
and its depletion in mouse causes the characteristic open brain (opb) phenotype
that results from ectopic Shh signaling in the dorsal neural tube (Eggenschwiler
et al., 2001). The mechanism by which RAB23 modulates Shh signaling is not
fully understood but might involve regulated trafficking of downstream Shh pathway
components. In mammals, Shh signaling is transduced at the primary cilium. Upon
Shh binding to its receptor Patched (Ptc), the transmembrane proteins Smoothened
(Smo) translocates into the cilium where it activates Shh signaling (Corbit et al.,
2005). Using fluorescence recovery after photo-bleaching (FRAP), another study has
demonstrated that Rab23 specifically removes Smo from the cilium in MDCK cells,
thereby negatively regulating Shh signaling (Boehlke et al., 2010).
1.3.6 D. melanogaster as a model organism to study
Rab-mediated human diseases
The wide spectrum of pleiotropic phenotypes that result from perturbed Rab function
as well as their intersection with defects in other membrane transport components
complicates their analysis. Using model organisms to understand the basic cellular
principles leading to these hereditary and acquired human disorders is key for
clinical studies and applied therapeutic approaches. The genome of Drosophila
melanogaster possesses 24 human rab orthologs that represent 5110 of the 66 human
10Considering that RabX5 might be an ancient Rab34 ortholog [Marek Eliáš, personal
communication]. According to Klöpper et al. (2012) Rab34 has duplicated in vertebrates
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Rabs (Klöpper et al., 2012). Thus, D. melanogaster can be a valuable model organism
to extend our knowledge about Rab-mediated membrane transport pathways and
their pathophysiologic implications to advance the scientific achievements in that
direction.
1.4 Features and function of D. melanogaster
tissues described in this study
The development and function of larval and adult D. melanogaster tissues and organs
has been studied extensively. The following sections introduce six different larval
and adult organs, comprising more than 30 functionally specialized cell types, that
are utilized in this study to generate profiles of Rab protein cell type expression and
subcellular localization.
1.4.1 The larval wing imaginal disc
The wing imaginal disc is a larval epithelium that eventually gives rise to structures
of the adult wing and thorax. It develops as a sac-like tissue with an apical lumen
and a basal side facing the hemolymph (reviewed in Neto-Silva et al., 2009).
During wing imaginal disc growth, it is patterned by the concerted action of three
conserved morphogen systems: Hedgehog (Hh), Wingless (Wg) and Decapentaplegic
(Dpp) (reviewed in Lawrence and Struhl, 1996). Hh is produced and secreted from the
posterior compartment, propagates to the anterior compartment and induces target
gene expression, e.g. dpp, in a concentration dependent manner. Dpp, that emanates
from a narrow stripe of anterior cells along the anteroposterior compartment boundary,
is the key morphogen governing growth and patterning along the anteroposterior axis
(reviewed in Schwank and Basler, 2010). Wing imaginal disc growth and patterning
along the dorsoventral axis is organized by Wg that is secreted from the dorsoventral
compartment boundary in response to Notch signaling (Neumann and Cohen, 1997).
In addition to regulating growth, Hh, Dpp and Wg morphogen gradients are key for
wing vein patterning (Kruse et al., 2004; Wang and Struhl, 2004 and reviewed in
Blair, 2007) and their formation and maintenance essentially relies on endomembrane
transport pathways that regulate morphogen secretion and reception (reviewed in
Erickson, 2011).
Up to the early third larval instar, all wing imaginal disc cells are cuboidal. By the
end of the third larval instar, cells on one side of the disc become squamous, whereas
giving rise to two paralogs, Rab34 and Rab36, that exist in humans.
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cells of the other side undergo apical constriction in response to Dpp signaling,
resulting in columnar cells that eventually pseudostratify (Widmann and Dahmann,
2009).
1.4.2 The larval salivary gland
The larval salivary gland is a post-mitotic epithelium that comprises two major cell
types: duct cells and gland cells. During salivary gland morphogenesis, duct cells
keep their cuboidal shape, while gland cells become columnar already at earliest
stages in the embryo. Duct cells form a tube that connects the two salivary gland
lobes to the larval mouth (reviewed in Andrew et al., 2000).
Salivary gland lobes mainly consist of gland cells that have undergone multiple
endoreplicative cycles resulting in giant polytene chromosomes (Smith and Orr-Weaver,
1991). Gland cell polyteny is required for a high metabolic activity to meet its
primarily secretory function. Throughout larval development, gland cells produce
and secrete digestive enzymes required for nutritional uptake in feeding larvae. In
upcrawling larvae they further secrete mucin-type ’glue’ proteins that are required for
pupal development (Lehmann and Korge, 1996; Mach et al., 1996). Glue proteins are
produced in mid third instar larval stages and stored in large intracellular granules.
Their apical secretion is triggered in response to a systemic steroid pulse by the end
of the third larval instar (Biyasheva et al., 2001).
Due to their increased size, larval salivary gland cells are an excellent cell type to
study cell polarity, organelle position and membrane transport of secretory cargo.
1.4.3 The larval fat body
The larval fat body is a post-mitotic, unpolarized tissue that is functionally equivalent
to human liver and white adipose tissue. It synthesizes and secretes bulk plasma
proteins, and represents the main storage organ for lipids, glucose and carbohydrates.
The fat body is therefore a key source for the regulated distribution of nutrients in
the animal. (reviewed in Arrese and Soulages, 2010).
Fat body lipids are stored in intracellular lipid droplets that tightly associate with
ER membranes. Many studies reveal that several vesicle transport-associated proteins
are important for regulating lipid droplet biogenesis and dynamics (reviewed in Beller
et al., 2010). For example, Rab18 localizes to specific subsets of lipid droplets in
cultured mammalian cells (Ozeki et al., 2005; Martin et al., 2005). Subsequent
proteomic studies on purified lipid droplets from mammalian cells extended the
number of lipid droplet-interacting Rabs to 18 (Bartz et al., 2007) and even proved
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the recruitment of the Rab5 effector EEA1 in the presence of GTP (Liu et al., 2007).
Another study that characterized the subproteome of lipid droplets in larval fat
bodies identified several members of the Rab family (Rabs 2, 5 and 6) (Beller et
al., 2006). These studies imply that both secretory and endocytic Rabs regulate
lipid homeostasis in the fat body. However, their functional relevance remains do be
determined.
1.4.4 The larval brain
The larval brain consists of two hemispheres, that are connected through the great
commissure, and the ventral ganglion. It mainly comprises three kinds of cells:
neurons, glial cells and tracheal cells. Throughout the larval development, stem
cell-like neuroblasts divide asymmetrically to self-renew and produce a ganglion
mother cell that subsequently differentiates into two post-mitotic secondary neurons
(reviewed in Hartenstein et al., 2008). Mitotic neuroblasts also contribute significantly
to the increase in glial number during larval brain growth (Pereanu et al., 2005).
Neurons might be the most extreme example of functionally specialized cells and
the simultaneous integration and processing of informational inputs and outputs
challenges intracellular membrane trafficking. As neurons and glia are both derived
from pluripotent neuroblasts, the larval brain facilitates the identification of changes
in membrane trafficking as cells differentiate.
1.4.5 Adult gonads
In adult D. melanogaster gonads, all germline cells derive from pluripotent stem
cells that localize to a special microenvironment, called the gonadal niche. It
provides short-range cues that allow germline stem cells to undergo asymmetric
divisions resulting in one stem cell of the same potency that resides in the niche
(self-renewal) and one cell that differentiates. The gonadal niche maintains the
balance of stem cell self-renewal and differentiation by multiple signaling pathways:
Bone morphogenetic protein (BMP), Janus kinase-signal transducer and activator of
transcription (JAK-STAT) and Hh signaling. While Hh signaling directly maintains
the self-renewing capacity of somatic stem cells, this is not the case for male and
female germline stem cells. Germline stem cell self-renewal additionally requires
BMP signaling activation by the BMP ligands dpp and glass bottom boat (gbb) to
repress the expression of differentiation genes, e.g. bag of marbles (bam) (Rojas-Ríos
et al., 2012). Differentiating germline cells in testes and ovaries share similar features
as they progress through analogous developmental stages. They undergo four rounds
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of symmetric mitotic divisions with incomplete cytokinesis giving rise to germline cell
clusters that propagate through multiple cell types and eventually become mature
gametes (reviewed in Yamashita et al., 2010).
Thus, male and female gonads are another ideal systems to study changes in
membrane trafficking during cell differentiation.
Several lines of evidence confirm that Rab-mediated trafficking is required for
germline differentiation during spermatogenesis and oogenesis. Adult flies that are
homozygous for a hypomorphic rab11 allele are viable but sterile. Their testes
show defects in sperm individualization that is potentially caused by impaired actin
dynamics (Tiwari et al., 2008). Clonal analysis of mutant rab alleles reveals that Rab11
is required in female germline stem cells to maintain the balance between self-renewal
and differentiation (Bogard et al., 2007), that Rab6 and Rab11 are involved in oocyte
axis determination by regulating microtubule organization (Januschke et al., 2007;
Coutelis and Ephrussi, 2007; Dollar et al., 2002), and that Rab5 is required for
yolk-protein endocytosis in the oocyte (Compagnon et al., 2009).
As germline cells mature, they are encapsulated by somatic cells, i.e. male cyst
cells and female follicle cells. At early stages of oogenesis, cuboidal follicle cells and
germline cells communicate extensively through Delta/Notch signaling, a pathway
whose regulation critically depends on endocytosis and recycling, to organize growth
and patterning of germline and soma (Deng et al., 2001; González-Reyes and St
Johnston, 1998). Follicle cells are an example of epithelial cells that undergo
cuboidal-to-columnar shape transitions, during which the area of the basolateral
membrane increases by growth (Kolahi et al., 2009).

2 Scope of the thesis
Rab GTPases and their effectors are key components of the endomembrane transport
machinery in eukaryotic cells. Rab proteins confer endomembrane compartment
identity and facilitate directional transport of synthesized and internalized cargo
proteins. The number of Rab protein varies greatly across extant eukaryotes, ranging
from seven in fission yeast up to 66 in humans. Although Rab proteins have been
studied for decades, recent advances in genome engineering techniques, visualization
tools and high-resolution microscopy provide growing insight into their deployment
in highly differentiated cells of complex animals.
To date, Rab proteins have been studied using powerful expression tools in D.
melanogaster. However, their ectopic cell type expression and unphysiological protein
levels affect appearance and localization of relevant membrane compartments and
disturb their function. Tagging proteins at their endogenous loci has been proven to
eliminate most of these limitations and a comprehensive collection of fluorescently
tagged rab alleles became available at the time that I started my doctoral studies.
The general goal of my thesis was to explore the cell type expression and subcellular
localization of endogenously tagged Rab proteins in D. melanogaster tissues, and
to generate a publicly accessible database that allows its online browsing and analysis.
Specifically, I sought to systematically characterize the Rab protein architectures of
diverse cell types to address basic cell biological questions, discuss evolutionary
implications, and make functional predictions. To demonstrate the utility of
this approach, I intended to exemplarily test one of these predictions by genetic
loss-of-function experiments.
The generation of this comprehensive image data set and its public accessibility
was envisioned to be the first step for the collaborative exploration of endomembrane
transport in functionally specialized cells of a complex model organism.

3 Results
3.1 Verification of YFPMyc-tagged rab alleles
Fluorescence microscopy allows the illumination of subcellular protein localization
through the expression of tagged versions of these proteins. To date, the subcellular
localization of Rab proteins in D. melanogaster was mainly studied using conventional
expression systems (Zhang et al., 2007; Chan et al., 2011). However, unphysiological
Rab expression levels can alter protein transport pathways and distort membrane
compartments (Mottola et al., 2010). The ’Drosophila Rab Library’, generated
by Dr. Marko Brankatschk in the Eaton lab, is a new toolkit for the systematic
analysis of endogenous Rab protein expression, subcellular localization and function
in D. melanogaster. It comprises a comprehensive set of N-terminally tagged Rab
proteins that were generated by adapted ends-in homologous recombination based
on Maggert et al. (2008); Rong and Golic (2000) The predicted start codon of each
D. melanogaster rab gene was replaced in-frame with DNA encoding yfp and myc
resulting in YFPMyc-tagged fusion proteins (Fig.3.1). I refer to these YFPMyc-tagged
Rabs as YRabs. Except for YrabX5, all new Yrab alleles produce viable homozygous
flies suggesting that the YRab protein function is not critically disturbed by the
presence of YFPMyc.
To confirm that the YFPMyc tag does not get cleaved from the YRab and
accumulates at ectopic positions, I tested available D. melanogaster antibodies
raised against endogenous Rabs 4, 5 and 11. The only antibody that gives a signal
of acceptable quality targets endogenous Rab11. Endogenous Rab11 pools show a
polarized localization towards the apical membrane in salivary gland cells for both
the wild type control and the homologous recombinant YRab11 line, in which every
Rab11 protein is endogenously tagged with YFPMyc (Fig.3.2A’,A”,B’,B”). Detecting
the YFP signal from YRab11 resembles the apical enrichment of Rab11 in salivary
gland cells (Fig.3.2B,B”). To verify that the YFPMyc tag does not get cleaved from
the YRab, I performed Western blots of different tissues from homozygous Yrab
larvae (data not shown, see Sections 3.2.1 and 3.2.2). All YRabs appear to exist as
fusion proteins of the predicted size and do not show any secondary band at the size
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Figure 3.1: YFPMyc-tagged rab alleles available from the ’Drosophila Rab Library’. The
genomic locus of Yrab1, as an example for the genomic position of the introduced yfpmyc tag. The
resultant homologous recombinant is referred to as YRab1. 5’ and 3’ UTRs, grey; rab1 coding
regions, dark green, yfp tag, bright green; myc tag, red. Scale bar = 1000bp. Below, a table of
27 D. melanogaster Rabs that displays their computed gene (CG) numbers, YFPMyc-tagged rab
alleles available from the ’Drosophila Rab Library’, and classical rab loss-of-function alleles as
published in FlyBase The-FlyBase-Consortium (1994). The viability of YRab and mutant flies is
indicated. Note that six predicted rab genes (CG2885 (RabX2), CG2532 (RabX3), CG9807,
CG32671, CG32673 and CG32678) are likely pseudogenes and therefore not available from the
’Drosophila Rab Library’.
Chapter 3. Results 35
Figure 3.2: YRab proteins reflect endogenous Rab localization patterns. (A-B) Cross
sections of third instar larval salivary glands from wild type (A) and homozygous Yrab11 (B)
larvae stained with an antibody targeting the endogenous Rab11 protein (grey, A’, B’ and red,
A”, B”). (C-E) Basal sections of third instar larval salivary glands from homozygous Yrab1
(C), Yrab6 (D) and Yrab7 (E) larvae stained with an antibody that binds the peripheral Golgi
apparatus protein Lava lamp (grey, C’-E’ and red, C”-E”). Note that the endogenous YFP signal
of each YRab protein was detected (grey, B-E and green, B”-E”). Discs large (Dlg) labels cell
outlines (white, A”-E”). DAPI stains nuclei (blue, A”-E”). Scale bar = 10µm.
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of the YFPMyc protein.
To ask if the YFPMyc tag alters the localization of YRabs to its endogenous
endomembrane compartments, I stained salivary gland cells of homozygous Yrab1
(anterograde ER-Golgi transport), Yrab6 (retrograde intra-Golgi and Golgi-ER
transport) and Yrab7 (known function in biogenesis of late endosomes) larvae with
Lava lamp, a peripheral cis-Golgi protein. Each salivary gland cell contains multiple
large (up to a few microns) cup-shaped ER/Golgi compartments, which stain for
Lava lamp (Fig.3.2C’,C”,D’,D”,E’,E”). A big fraction of YRab1 colocalizes with Lava
lamp-positive endomembrane compartments (Fig.3.2C-C”), and YRab6 localizes in
close proximity to them (Fig.3.2D-D”). Both subcellular localizations are consistent
with their known function at the cis- and trans-Golgi. YRab7 compartments, that
generally comprise a similar morphology like YRab6, do not strikingly associate with
Lava lamp-positive Golgi stacks (Fig.3.2E-E”).
Together, these data verify that the YFPMyc tag does neither get cleaved from the
YRab protein, nor affect the in vivo localization of YRab proteins.
3.2 Quantification of YRab protein expression
Rab proteins are key regulators of intracellular membrane transport and have been
conserved since the LECA to different extends. The emergence of functionally
specialized cells that arose with metazoans might originate from cell type-specific
expression of Rab proteins and quantitative differences in its protein proportions.
While Rab GEFs and GAPs can modulate Rab protein activity and flux through the
corresponding compartment, the amount of Rab protein present in the cell may help
to determine the capacity of the respective compartment.
3.2.1 A quantitative Western blot assay to quantify YRab
protein expression in D. melanogaster tissues
Using late third instar D. melanogaster wing imaginal discs, I established an assay
to assess the endogenous amount of YRab fusion proteins present in any given
tissue by quantitative Western blotting against the YFPMyctag (Fig.3.3A, B). To
quantify YRab protein levels in tissue extracts, I blot equal amounts of tissue lysate
from each homozygous YRab line, along with different amounts of a recombinant
YFPMyc. I then measure the intensity of each unsaturated YRab signal and the
applied YFPMycstandard to calculate the amount of YRab protein. To compensate
for fluctuations that can result form sample loading, I further normalize the calculated
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Figure 3.3: An assay to quantify YRab protein levels. (A) Western blots of total protein
lysates from wing imaginal discs of homozygous Yrab1, Yrab5, Yrab9, Yrab11 and Yrab23 third
instar larvae in sextuplicates. Equal amounts of total protein lysates (0,5µg) were loaded on each
lane along with a YFPMycprotein standard triplet of indicated amounts. Simultaneous detection
of each YRab (probed against the Myc tag) and its corresponding YFPMycprotein standard
triplet. Fasciclin 1 (Fas1) and DE-Cadherin (DE-Cad) serve as internal loading control. (B)
Absolute amounts of YRab protein expression (in picograms) per 1µg of total protein extract
normalized to Fas1 and DE-Cad. See text (3.2.1) and experimental procedures (6.2) for details.
(C) Relative Yrab expression normalized to rp49 (2- CT). (D) Ratios of average YRab protein
to Yrab mRNA amounts in arbitrary units. Error bars indicate standard deviation.
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YRab protein amount to two internal control proteins that are expressed in the
respective tissue. I refer to this approach as qWestern.
Wing imaginal disc extracts from five different homozygous Yrab lines (Yrabs 1, 5, 9,
11 and 23 ) are blotted in sextuplicates (Fig.3.3A). Detected YRab protein levels are
quantified as described above and the calculated YRab protein amount is normalized
to Fasciclin 1 and DE-Cadherin (Fig.3.3B). By calculating the approximate volume
of tissue loaded and the quantity of detected YRab protein, I estimate that the highly
abundant YRab1 protein is present at concentrations of about 10µM1 (for comparison,
citrate synthase is present at 10µM (Srere, 1967)), while the least abundant YRab9
protein is present at two orders of magnitude lower concentrations.
The variable expression levels of YRab proteins might derive from transcriptional
or post-transcriptional regulation. I therefore quantified the mRNA amount present
in homozygous Yrab 1, 5, 9, 11 and 23 larvae by quantitative PCR (Fig.3.3C). Yrabs
1 and 11 are expressed at highest levels, Yrabs 5 and 23 at similar but lower levels
and Yrab9 the least. Thus, differences in mRNA levels of the assayed Yrabs generally
reflect their protein abundance.
Calculating the ratio of averaged YRab protein abundance to averaged Yrab mRNA
amount reveals interesting variations (Fig.3.3D). While the protein to mRNA ratios
of YRabs 5, 9 and 23 are very similar, the ratios of YRab11 and YRab1 are increased
by 2-fold and 3,5-fold.
These data reveal that, in third instar wing imaginal discs, Rab proteins are present
at vastly different concentrations that potentially define the capacity of the respective
membrane trafficking route. These data also illustrate that differential transcription
levels generally contribute to the different amounts of Rab proteins. In addition,
post-transcriptional mechanisms significantly modulate Rab protein levels, i.e. by
increased translation of rab mRNA, elevated protein stability or reduced protein
degradation.
While Rab1 localizes to the Golgi to organize cargo transport in the secretory
pathway, Rab11 is a central regulator of the endocytic route acting at the recycling
endosome (see Section 1.1.6). Both YRabs are present at high levels, implying a high
capacity of the respective compartments. Rab5 and Rab23 have been implicated in
early endocytosis and recycling, respectively (see Section 1.1.6). Both YRabs are
present at similar but approximately an order of magnitude lower concentrations,
suggesting that these compartments harbor a smaller amount of cargo at steady
1Given that the molecular weight of the YFPMycstandard equals 25kDa and the molecular weight
of YRab equals 50kDa, the approximated YRab1 protein levels are about 0,5ng (corresponding
to 0,01pmol) in 0,5µg of total protein extract loaded per lane. Each lane contains 0,25 wing
imaginal discs. Each wing imaginal disc has a tissue volume of approximately 0,003µl.
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state. Rab9 is required to retrieve cargo from the degradative pathway shuttling
between the late endosome/multi vesicular body and the trans-Golgi network (see
Section 1.1.6). YRab9 is the least abundant YRab out of this sample suggesting that
the capacity of the pathway regulated by Rab9 might be very limited.
3.2.2 Quantification of YRab proteins in different functionally
specialized cell types
Since YRabs 1, 5, 9, 11 and 23 are expressed at different concentrations within at
least two orders of magnitude in the D. melanogaster wing imaginal disc, I extended
the qWestern approach to establish the quantitative profile for all YRabs present in
wing imaginal discs (Fig.3.4A). 18 out of 22 YRabs that are included in this study,
are detectable in wing imaginal discs. The only YRabs that could not be detected
by qWestern are YRabs 3, 26, 27 and 32 suggesting that those Rabs exert other
cell type-specific functions. YRabs 14, X1, X4, X5 and X6 are not included in this
data set since the homozygous knock-in lines were not available at that time. The
additional minor bands might result from post-translational modifications, such as
protein prenylation. The quantification of YRab protein amounts from wing imaginal
discs was essentially performed as described in Section 3.2.1 and is visualized in
Figure 3.5A. YRab protein levels are color-coded according to their abundance
ranging from smaller than 100pg to larger than 500pg per 1µg of total protein extract
from wing imaginal discs. While the majority of YRab proteins is expressed at low
or moderate levels, YRabs 1, 7 and 11 are highly abundant.
I wondered whether the qualitative and quantitative differences in YRab protein
expression detected in wing imaginal discs might be key to its functional specialization.
Thus, I blotted extracts from YRab fusion proteins of two additional larval tissues,
the salivary gland (Fig.3.4B) and fat body (Fig.3.4C) and quantified the endogenous
levels as described in Section 3.2.1 (Fig.3.4B-C). Qualitatively, all three functionally
specialized tissues express almost the same set of YRab proteins. Exceptions are
YRab23 that is expressed in both epithelia and YRab32 that is specifically expressed
in fat body cells. YRabs 3, 26, 27 are not detectable in any of the three tissues
examined (Fig.3.4A-C). Blotting adult D. melanogaster heads, however, confirms
that these YRabs are generally expressed (data not shown). Comparing quantitative
YRab protein levels between the three assayed tissues reveals that YRab1 is generally
present at highest protein levels in all three tissues, whereas YRabs 7 and 11 are
strongest in wing imaginal disc and fat body cells (Fig.3.5A-C). While YRabs 6
and 8 are expressed at similar moderate levels, the proportions of YRabs 2, 5, 18
and 35 are heterogeneous. For example, YRab18 is more abundant in fat body
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Figure 3.4: YRab protein expression profile in larval wing imaginal disc, salivary gland,
and fat body. (A-C) Western blots of total protein lysates from wing imaginal discs (A), salivary
glands (B) and fat bodies (C) of homozygous Yrab third instar larvae. For each tissue, rows
indicate YRab group (first row), detected YRab band (second row), loading control (third row),
YFPMycstandard group (fourth row) and YFPMycstandard triplet (fifth row). Equal amounts of
total protein lysates (wing imaginal disc/fat body: 2µg, salivary gland: 1µg) were loaded on
each lane along with an YFPMycprotein standard triplet of indicated amounts. Simultaneous
detection of each YRab (probed against the Myc tag) and its corresponding YFPMycprotein
standard triplet (indicated by roman numbers). Note that, in addition to the main band of
the expected size, smaller sub bands occasionally appear in this experiment. Sub bands do not
correspond to the size of untagged Rab proteins or the YFPMyc tag only and presumably result
from post-translational modifications. Fasciclin 1 (Fas1) and Apolipophorin 2 (ApoL2) serve as
internal loading control for wing imaginal disc/salivary gland and fat body samples, respectively.
Tissue samples were additionally probed for a second loading control (DE-Cadherin (DE-Cad)
for wing imaginal disc/salivary gland and a-tubulin (a-tub) for fat body) (data not shown).
Only main bands of the expected size were used for YRab protein quantification. See text (3.2.2)
and experimental procedures (6.2) for details. YRab groups are represented by greyscale-coded
squares that distinguish last eukaryotic common ancestor (LECA) Rabs according to how often
they are lost in eukaryotes (see legend below). White squares indicate Rabs that arose in
metazoans. Purple boxes indicate wild type controls. Note that Yrab14, YrabX1, YrabX4,
YrabX5, YrabX6 are not included in this data set. Red/black bar = 64kDa/50kDa.
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Figure 3.5: Quantification of YRab protein expression levels in larval wing imaginal
disc, salivary gland, and fat body. (A) Quantitative profiles of absolute YRab protein
amounts (in picograms) per 1µg of total protein extract. Heat map indicates YRab protein
abundance estimated from quantitative Western blotting (Fig.3.4) (see legend for color code).
YRab amounts in wing imaginal disc/salivary gland samples are normalized to Fasciclin 1 (Fas1)
and DE-Cadherin (DE-Cad). YRab amounts in fat body samples are normalized to Apolipophorin
2 (ApoL2) and a-tubulin (a-tub). (B) Rab mRNA expression levels in upcrawling third instar
larvae are derived from modENCODE and summarized in a heat map (see also FlyBase). Note
that the first row shows Rab mRNA expression in a pool of mass isolated imaginal discs that
include wing imaginal discs. The legend describes the color code of Rab mRNAs levels, ranging
from high (red) to low (blue). Undetected Rabs are indicated in black. YRab groups are
represented by greyscale-coded squares as described in Fig.3.4. Note that Yrab14, YrabX1,
YrabX4, YrabX5, YrabX6 are not included in this data set.
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cells than in the other two tissues. This broader range of tissues supports the idea
that cell type-specific expression and quantitative differences in relative Rab protein
proportions facilitate the functional specialization of eukaryotic cells.
Qualitatively, detectability of the different YRab proteins in wing imaginal disc,
salivary gland, and fat body is generally consistent with mRNA expression data
from modENCODE in the respective tissue (Fig.3.5A,B). Most detected YRabs
are also predicted to be expressed at the mRNA level. Conversely, most mRNAs
corresponding to undetectable YRab proteins are either absent, or present at very
low levels. Note that the modENCODE expression data for imaginal discs was
collected by mass isolating a mixture of imaginal disc tissues, including wing imaginal
disc. Despite general qualitative agreement, the estimated relative levels of YRab
protein are not always proportional to the corresponding mRNA levels reported
by modENCODE. In line with my previous observations (see Section 3.2.1), these
data suggest that post-transcriptional mechanisms contribute significantly to the
regulation of Rab protein levels in different cell types.
I also wondered whether Rabs that are present in the minimal Rab complement of
yeast and conserved since the LECA regulate pathways that are generally required
in all eukaryotic cells, and, whether Rabs that first arose in metazoans rather engage
in cell type-specific pathways. Thus, I arranged the YRab expression profiles from
qWestern and its quantification according to their conservation since the LECA and
their emergence in metazoans (Fig.3.4A-C and Fig.3.5A). Core Rabs representing
groups I and II (YRabs 1, 5, 6, 7, 11) and LECA Rabs that are sometimes lost (group
III) are consistently present in all three tissues examined. LECA Rabs that are
often lost (group IV) and those that arose with the metazoan lineage (group V) are
more cell type-specifically expressed. These data supports the hypothesis that highly
conserved LECA Rabs are generally required in all cells, while less conserved Rabs
and those that arose with metazoans likely exert rather cell type-specific functions.
Quantitatively, core Rabs and Rabs that have been sometimes lost since the LECA
(groups I-III) tend to be present at higher levels than those of groups IV-V. With
the exception of YRabs 5 and 6, core Rabs (YRabs 1, 7 and 11) are expressed at
the highest levels in all three tissues examined. These highly conserved Rabs are
essential organizers of the three main trafficking routes: secretion (Rab1), recycling
(Rab11) and degradation (Rab7) (see Section 1.1.6). Assuming that the amount
of Rab protein determines the capacity of the respective pathway, this data also
implies that the amount of secreted and transmembrane proteins that move through
compartments regulated by evolutionary conserved Rabs 1, 7 and 11 is high. Less
conserved Rabs and those that arose with metazoans are expressed at lower levels
Chapter 3. Results 43
and might therefore regulate individual pathways of lower capacity that potentially
parallelize, branch from or feed into the main trafficking route. It will be important
to explore whether differences in Rab protein levels, indeed, reflect differences in
capacity of the corresponding compartments.
3.3 YRab cell type expression and subcellular
localization
Analyzing the Rab complement of three different D. melanogaster tissues implies
that cell type-specific expression and quantitative differences in relative Rab protein
proportions potentially facilitate the functional specialization of differentiated cells.
These date further suggest that evolutionary conserved LECA Rabs are generally
required in all cells, while metazoan Rabs likely exert rather cell type-specific
functions. To further substantiate these implications, I examined YRab protein
expression and subcellular localization in a broader range of tissues and cell types. I
utilized the YFPMyctag of 27 YRab lines for immunofluorescence microscopy of six
D. melanogaster tissues including larval wing imaginal disc, salivary gland, fat body,
and brain as well as adult ovary and testis. These tissues comprise more than 30 cell
types with different features and specialized functions.
3.3.1 Image data collection and generation of data browsing,
annotation, and analysis tools
I sought to assess cell type expression and subcellular localization of all YRab proteins
by high-resolution microscopy of entire tissues/organs. The image data collection
workflow and its specifications are outlined in Figure 3.6 (see Section 6.5 for details).
It covers acquisition of entire tissues/organs at subcellular resolution, stitching,
and image processing for public access. The entire image processing infrastructure
and online browsing tools were generated, adapted and administrated by Tom
Kazimiers. I recorded multi-channel arrays of three-dimensional tiles at an Olympus
FluoView1000 microscope with a controllable stage. These tiles were stitched using
a three-dimensional stitching algorithm for Fiji (Preibisch et al., 2009) resulting in
data stacks that each have an average size of 1.5 gigabyte (wing imaginal disc, fat
body, brain), 3 gigabyte (salivary gland, testis) or 10 gigabyte (ovary). To facilitate
its public access in a way similar to Google Maps, we extended the capabilities of
CATMAID (Collaborative annotation toolkit for massive amounts of image data)
(Saalfeld et al., 2009), originally used for EM data, to allow online browsing of
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Figure 3.6: Workflow from image data generation to its public access. An array of
three-dimensional multi-channel image data tiles was acquired (> 2000 hours instrument time)
that covers the whole organ at high resolution. These tiles were stitched using a Fiji plugin
generated by Preibisch et al. (2009) resulting in about 3.1 terabyte of raw image data. To
facilitate its analysis, these large data stacks were converted to millions of small tiles that are
stored on a web server. These tiles can be accessed online using CATMAID (Collaborative
annotation toolkit for massive amounts of image data) (Saalfeld et al., 2009). Similarly to
Google Maps, CATMAID registers particular image tiles according to the selected combination
of zoom level, z-dimension, and channel view to assemble virtually stitched tissue mosaics in a
conventional online browser. For detailed description see Sections 6.5 and6.6.
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Figure 3.7: Overview on YRab tissue stainings that are available through CATMAID.
Representative CATMAID browser views of salivary gland, wing imaginal disc, brain, ovary, fat
body and testis tissues from Yrab1 larvae and adult flies. The composite image as well as each
channel can be accessed individually. For all tissues channel 1 shows DAPI stained nuclei and
channel 2 the respective YRab protein. As indicated, the remaining two channels show different
polarity or membrane marker proteins depending on the selected tissue. Channel views can be
arranged in a variable way in the browser window.
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Figure 3.8: Hierarchical annotation scheme to describe YRab cell type expression and
subcellular localization. For each tissue, YRab image data sets were manually annotated
using a defined pool of termini describing tissue expression, stage, cell type expression and
expression levels, morphology and polarity. The default annotation trees for each individual
tissue can be found in the appendix (see Section 7.2). The whole image data set, along with its
annotations, is publicly available through the FLYtRAB (Functional YFP-tagged Rab) database
at http://rablibrary.mpi-cbg.de (The following credentials are required until the paper
has been accepted: User: flytrab / Password: b4Fq8k).
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multi-channel immunofluorescence data. CATMAID now allows three-dimensional
visualization of YRab cell type expression and subcellular localization in six different
tissues/organs. It features composite views as well as the selection of individual
channels that display YRabs and their respective cell marker stainings (Fig.3.7).
To comprehensively characterize these image data, we developed CATMAID
ontology tools that facilitate i) the annotation of YRab expression and subcellular
localization and ii) its subsequent analysis (see Section 6.6 for details).
i) Hierarchical annotation schemes of defined terminology were used to describe
YRab expression and subcellular localization at the tissue and cell type level
(Fig.3.8). The terms “expressed”/“not expressed” describe the presence of a YRab
in a tissue or cell type. To describe differential YRab expression levels between
particular cell types of a tissue, I use the annotation term “elevated levels”. Three
independent terms describe subcellular YRab localization in general: cortical,
intracellular punctate, intracellular diffuse. A diffuse appearance could reflect either
non-membrane associated YRabs or small vesicles below the resolution of the light
microscope. A particular YRab might exist in different pools in the cell, and therefore
be described by one or more of these terms. For polarized cell types, I use polarity
annotation terms that separately describe the polarized localization of each of the
three possible pools (cortical, punctate, diffuse). For example, a particular YRab
might have a diffuse intracellular pool that is not polarized, but a punctate pool that
is polarized towards apical or basolateral domains.
Thus, the expression and subcellular localization of each individual YRab in a
specific tissue is characterized by multiple annotation terms that form a unique
hierarchical annotation tree. The default annotation trees for each tissue can be
found in the appendix (see Section 7.2). This way, I recovered 162 annotation
trees (27 YRabs in 6 individual tissues/organs) that are directly associated with the
corresponding YRab image stacks. To prove its validity, each annotation term in
these trees is additionally linked to a representative region in the tissue.
ii) To analyze annotated YRab expression and subcellular localization, we generated
search tools for annotation terms and an interface to perform hierarchical clustering
of selected annotation features. The expression and subcellular localization properties
of each YRab in a given tissue is characterized by a unique set of annotation features.
These annotation features are deduced from all the possible connections of selected
annotation terms along the hierarchy levels of the respective annotation tree (see
Section 7.2 for examples). A binary matrix displaying all annotation features of
every YRab/tissue combination can be downloaded for off-line analysis or utilized to
perform hierarchical clustering directly on CATMAID. Thus, the clustering interface
48 3.3. YRab cell type expression and subcellular localization
facilitates the identification of YRabs with similar properties of cell type expression
and subcellular localization.
In addition to the CATMAID ontology interface, we also implemented tools
that facilitate the analysis of colocalization as well as the cropping and download
of regions of interest. Currently, the whole CATMAID image data set can be
accessed through the FLYtRAB (Functional YFP-tagged Rab) database at http:
//rablibrary.mpi-cbg.de
2. The underlying database architecture was originally
designed and published by Pavel Tomancak and Eric Lécuyer for embryonic mRNA
localization screens (Tomancak et al., 2007; Lécuyer et al., 2007). In collaboration
with Felix von Zadow, we adapted this database to harbor representative snap shots
of the YRab image data set, annotations and the binary matrix.
We are currently working on an improved CATMAID front-end to directly access
the entire YRab image data set and its ontology tools. A manuscript reporting on
these advances is in preparation.
3.3.2 YRabs and cell type specificity
Examining YRab protein expression levels in larval wing imaginal discs, salivary
glands and fat bodies revealed that some YRabs are cell type-specifically expressed
(see Section 3.2.2). From this, I concluded that differential Rab protein expression
likely facilitates the functional specialization of eukaryotic cells. I also implied that
evolutionary conserved LECA Rabs are generally required in all cells, while metazoan
Rabs likely exert rather cell type-specific functions. To ask whether these principles
hold over a broad range of cell types, I surveyed YRab cell type expression in larval
wing imaginal discs (two cell types along with two stages), salivary glands (three
cell types), fat bodies (one cell type) and brains (three cell types), as well as adult
ovaries (ten cell types along with three stages) and testes (four cell types) (Tab.3.1
and 3.2).
To distinguish ubiquitously expressed YRabs from those that are expressed in a cell
type-specific manner, I used the CATMAID ontology tools to perform hierarchical
clustering of YRabs based on selected annotation features describing their cell type
expression (Fig.3.9). The dendrogram in Figure 3.9 depicts the similarity of YRabs
according to their expression in all 23 annotated cell types on a scale between 0
(not similar) and 1 (identical). The position of the horizontal branch lines along the
Y-axis of the dendrogram indicates the degree of similarity between the two YRab
groups connected by the line. YRabs connected by a horizontal line with a similarity
2The following credentials are required until the paper has been accepted: User: flytrab / Password:
b4Fq8k
Chapter 3. Results 49
C
el
lt
yp
e
\
Y
R
ab
1
2
3
4
5
6
7
8
9
10
11
14
18
19
Brain
N
eu
ro
ep
ith
el
iu
m
x
x
x
x
x
x
x
x
x
x
x
x
N
eu
ro
n
x
x
x
x
x
x
x
x
x
x
x
x
N
eu
ro
bl
as
t
x
x
x
x
x
x
x
x
x
x
x
FB
Fa
t
bo
dy
ce
ll
x
x
x
x
x
x
x
x
x
x
x
Ovary
Germarium
C
ap
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
Fe
m
al
e
ge
rm
lin
e
st
em
ce
ll
&
cy
st
ob
la
st
x
x
x
x
x
x
x
x
x
x
x
x
x
x
C
ys
to
cy
te
x
x
x
x
x
x
x
x
x
x
x
x
x
Fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
P
re
su
m
pt
iv
e
nu
rs
e
ce
ll
&
oo
cy
te
x
x
x
x
x
x
x
x
x
x
x
x
x
Stage2-8
Fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
A
nt
er
io
r
po
la
r
fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
Po
st
er
io
r
po
la
r
fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
N
ur
se
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
O
oc
yt
e
x
x
x
x
x
x
x
x
x
x
x
x
x
Stage9
Fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
Po
st
er
io
r
po
la
r
fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
N
ur
se
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
B
or
de
r
fo
lli
cl
e
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
SG
D
uc
t
ce
ll
x
x
x
x
x
x
x
x
x
x
x
G
la
nd
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
Im
ag
in
al
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
Testis
H
ub
ce
ll
x
x
x
x
x
x
x
x
x
x
x
x
x
M
al
e
ge
rm
lin
e
st
em
ce
ll
&
go
ni
al
bl
as
t
x
x
x
x
x
x
x
x
x
x
x
x
x
Sp
er
m
at
og
on
iu
m
x
x
x
x
x
x
x
x
x
x
x
x
x
Sp
er
m
at
oc
yt
e
x
x
x
x
x
x
x
x
x
x
x
x
x
WD
Early
D
isc
ep
ith
el
iu
m
pr
op
er
x
x
x
x
x
x
x
x
x
x
x
x
Pe
rip
od
ia
le
pi
th
el
iu
m
x
x
x
x
x
x
x
x
x
x
x
x
Late
D
isc
ep
ith
el
iu
m
pr
op
er
x
x
x
x
x
x
x
x
x
x
x
x
Pe
rip
od
ia
le
pi
th
el
iu
m
x
x
x
x
x
x
x
x
x
x
x
x
Table 3.1: Expression of YRabs 1-19 in annotated cell types. Table summarizes the
expression of YRabs 1-19 in 23 annotated cell types (for wing imaginal disc and ovary along
with developmental stages) as detected by immunofluorescence. x indicates that the YRab
is expressed in the respective cell type. FB = Fat body, SG = Salivary gland, WD = Wing
imaginal disc.
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Table 3.2: Expression of YRabs 21-X6 in annotated cell types. Table summarizes the
expression of YRabs 21-X6 in 23 annotated cell types (for wing imaginal disc and ovary along
with developmental stages) as detected by immunofluorescence. x indicates that the YRab
is expressed in the respective cell type. FB = Fat body, SG = Salivary gland, WD = Wing
imaginal disc.
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Figure 3.9: Similarity of YRab expression in annotated cell types. Dendrogram derived
from hierarchical clustering of selected annotation features describing the expression of YRabs
in 23 different annotated cell types (for wing imaginal disc and ovary along with developmental
stages). Y-axis indicates similarity level of YRab cell type expression ranging from no similarity
(0) to identical expression (1). No detectable YRab expression in any annotated cell type,
grey; expressed mainly in neurons, yellow; expressed in most annotated cell types, orange; red,
expressed in all annotated cell types. YRab groups are represented by greyscale-coded squares
that distinguish last eukaryotic common ancestor (LECA) Rabs according to how often they are
lost in eukaryotes (see legend below). White squares indicate Rabs that arose in metazoans.
Clustering metric: Jaccard; clustering method: UPGMA (Unweighted pair group method with
arithmetic mean). The annotation features used for this hierarchical clustering can be found in
the appendix (see Section 7.2).
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level of 1 are expressed in identical cell types.
The hierarchical cluster analysis reveals four major YRab groups. The first group
(red) comprises a set of 14 of 27 YRabs that are expressed in all the annotated cell
types. YRabs that separate at lower levels of similarity are they are increasingly
expressed in fewer cell types. The second group (orange) contains seven YRabs
that are missing from some annotated cell types. YRabs 3, 26, 27 and X4 form
an extremely cell type-specific group (yellow). These YRabs are expressed in a
combined total of only four annotated cell types and share the common feature of
being expressed in neurons. YRabs 26 and 27 are identically expressed in neurons
only, whereas YRab3 and YRabX4 are expressed in one and two additional cell
types. YRabs X5 and 32 form an out-group (grey) since they are not detectable in
any annotated cell type. These data supports the assumption that cell type-specific
expression of Rab proteins facilitate the functional specialization of eukaryotic cells.
To further explore the idea that evolutionary conservation of Rabs correlates
with their deployment in functionally specialized cells, I highlighted their degree of
conservation since the LECA and their emergence in metazoans by greyscale-coded
squares (Fig.3.9). The group of ubiquitously expressed YRabs (red) contains all
core Rabs (group I and II) with the exception of YRab5 as well as all LECA Rabs
that are sometimes lost among eukaryotes (group III). The second group (orange)
contains mostly LECA Rabs that are often lost (group IV) and those that emerged
with metazoans (group V). Surprisingly, it also includes the core Rab YRab5, as it
is not detectable in migrating border cells of the ovary. The metazoan YRabs 3, 26,
27 and X4 (yellow) are extremely cell type-specifically expressed. This broad range
of cell types further consolidates the idea that highly conserved LECA Rabs regulate
pathways that are generally required in all eukaryotic cells, while less conserved LECA
Rabs and those that first arose in metazoans facilitate cell type-specific functions.
3.3.3 YRabs and cell differentiation
In addition to their cell type-specific expression, modulations in relative proportions
of YRab protein levels, as revealed by qWestern (see Section 3.2.2), might be a cue for
cell differentiation. Among the six annotated D. melanogaster tissues, larval brains
as well as adult ovaries and testes harbor stem cells that differentiate into different
kinds of specialized cells. To ask if relative differences in Rab protein proportions
facilitate cell differentiation, I examined their relative expression levels as cells change
their fate.
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3.3.3.1 From neuroblasts to neurons and glia
The larval brain consists of two hemispheres, connected by the great commissure, and
the ventral ganglion (Fig.3.10A). Each hemisphere is mainly composed of neuroblasts
(yellow) and neurons (brown), and surrounded by a layer of specialized glial cells
that constitute a blood brain barrier (red). Cell bodies of primary neurons that
originate from embryogenesis have already formed synaptic connections. In early
second instar larvae, neurogenesis is reactivated whereby secondary neurons emerge
from dividing neuroblasts and ganglion mother cells.
Different cell types in the brain can be identified by a combination of cell morphology
and immunostaining. Neuroblasts and ganglion mother cells are mostly located in
very peripheral regions of the brain and are larger than neighboring neuronal cell
bodies. Neurons can be distinguished from dividing neuroblasts by the expression of
the post-mitotic marker Elav.
To ask if Rab protein proportions change upon cell differentiation in early second
instar larval brains, I compared relative YRab protein levels between neuroblasts
& ganglion mother cells, neurons and blood brain barrier glia (Fig.3.10B-H). The
protein levels of most YRabs, e.g. YRab6, do not differ between these cell types
(Fig.3.10C,C’). However, some of them do display changes in their relative protein
abundance. Neuroblasts express elevated levels of four YRabs (YRabs 4, 18, 21 and
40) compared to neurons and blood brain barrier glia (Fig.3.10D,D’,H). Three YRabs
(YRabs 5, 30 and X4) are elevated in differentiated neurons compared to neuroblasts
(Fig.3.10E,E’,H). YRabs 3, 26 and 27 are specifically expressed in neurons but not
detectable in neuroblasts (Fig.3.10F,F’,H). YRab9 is undetectable in neurons and
neuroblasts, but is expressed in blood brain barrier glia (Fig.3.10G,G’,H).
3.3.3.2 From female germline stem cells to oocytes
The female gonad consists of a pair of ovaries each of which contains approximately 16
ovarioles. The germarium, the anterior part of an ovariole, harbors somatic cell types
(e.g. terminal filament, cap cell, follicle cell) and germline cell types (e.g. female
germline stem cell, cystoblast, cystocyte, nurse cell, oocyte) (Fig.3.11A). As female
germline stem cells (yellow) divide asymmetrically, one of the two daughter cells
that leaves the cap cell niche (light green) differentiates into a cystoblast (yellow).
Cystoblast cells undergo four rounds of mitotic divisions with incomplete cytokinesis,
each giving rise to a cyst of 16 cystocytes (red) that stay connected through ring
canals. One of the 16 cystocytes differentiates into the oocyte (grey) that will
continue meiosis, while the remaining cystocytes become polyploid nurse cells (light
red). Somatic follicle cells (green) wrap around the 16-cell cyst to form the ovarian
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Figure 3.10: YRab expression levels differ between neuronal cell types. (A) Anatomical
structures and cell types of a second instar larval brain. Larval brains comprise two dorsal brain
hemispheres that are connected through the great commissure and a ventral ganglion. Below,
cross sections of second instar larval brains as indicated by dashed lines. Brains are wrapped by
blood brain barrier glial cells (red). Neuronal cell bodies (light brown) form a peripheral layer and
project neurites (dark brown) towards central regions forming a neuropil. The neuroepithelium
(orange) eventually gives rise to the adult visual system. Neuronal stem cells, called neuroblasts,
(yellow) occupy very peripheral positions.
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Figure 3.10 (continued): (B-G) Confocal sections from a single hemisphere of second instar
larval brain lobes at lateral positions (see A’). Larval brains from wild type (B) and homozygous
Yrab6 (C), Yrab18 (D), YrabX4 (E), Yrab3 (F) and Yrab9 (G) larvae stained with an antibody
against YFP (grey, B-G and green, B’-G’) to visualize YRabs. Elav labels post-mitotic neurons
(red, B’-G’). DAPI stains nuclei (blue, B’-G’). Enlarged cells comprising DAPI-positive nuclei
that do not stain for Elav are neuroblasts. (H) Summary of YRabs that are expressed at elevated
levels in different neuronal cell types. Note that YRabs 3, 26 and 27 are exclusively detectable in
neurons and YRab9 in blood brain barrier glia. YRab groups are represented by greyscale-coded
squares as described in Fig.3.9. Anterior, up; posterior, down. Scale bar = 10µm.
follicle that gets released from the germarium at stage1. Ovarian follicles, also called
egg chambers, pass through 14 stages of maturation as they move posteriorly, while
they stay connected through stalk follicle cells.
Ovarian cell types can be identified by their morphology and position in the tissue.
Female germline stem cells and cystoblasts contact cap cells in the anterior most
part of the germarium. Cystocytes are smaller than female germline stem cells and
appear regularly packed into cysts. At later stages, oocytes can be distinguished
from neighboring nurse cells by their posterior position in each egg chamber and
characteristic chromatin condensation in nuclei.
To ask if Rab protein proportions change upon cell differentiation in female germline
cells, I compared the relative levels of each YRab protein between female germline
stem cells & cystoblasts, cystocytes, nurse cells and oocytes (Fig.3.11B-L). The
protein levels of most YRabs, e.g. YRab2, do not differ between these cell types
(Fig.3.11D-E’). A set of eight YRabs (YRabs 4, 10, 14, 18, 19, 40, X1 and X6) are
elevated in female germline stem cells and cystoblasts at early stages of germline
cell differentiation (Fig.3.11F-G’,L). YRab9 levels are elevated in cystocytes of the
16-cell cyst as well as in stage 1 germline cells (Fig.3.11H-I’,L). YRab23 is present at
higher levels in nurse cells and oocytes during later stages of oogenesis (Fig.3.11J-L).
For all the 27 YRabs, the relative protein proportions between oocytes and nurse
cells do not show any significant difference.
3.3.3.3 From male germline stem cells to sperm
The male gonad consists of a pair of coiled testes that harbor somatic cell types
(e.g. hub cell) and germline cells (e.g. male germline stem cell, gonialblast,
spermatogonium, spermatocyte) (Fig.3.12A). Similar to the female ovary, male
germline stem cells (yellow) undergo asymmetric divisions in the hub cell niche (light
green) at the apex of each testis. One daughter cell maintains its stem cell features,
while the other cell that leaves the niche differentiates into a gonialblast (yellow).
Gonialblasts undergo four rounds of mitosis with incomplete cytokinesis resulting
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Figure 3.11: YRab expression levels differ between female germline cell types. (A)
Anatomical structures and cell types of an adult ovariole. Adult ovarioles consist of multiple
connected egg chambers comprising germline cells (presumptive oocyte & nurse cell, brown;
nurse cell, pink; oocyte, grey) that are wrapped by somatic follicle cells (green). All germline
cell types present in egg chambers as well as cystocytes (red) in the germarium derive from
female germline stem cells and cystoblasts (yellow).
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Figure 3.11 (continued): (B-K) Confocal sections from germaria (B, D, F, H, J) and stage
2-8 egg chambers (C, E, G, I, K) of adult ovarioles (see A). Adult ovarioles from wild type (B,
C) and homozygous Yrab2 (D, E), Yrab19 (F, G), Yrab9 (H, I) and Yrab23 (J, K) flies stained
with an antibody against YFP (grey, B-K and green, B’-K’) to visualize YRabs. Phalloidin labels
cell outlines (magenta, B’-K’). DAPI stains nuclei (blue, B’-K’). Female germline stem cells can
be identified by their somatic cap cell-contacting position and enlarged size in germaria. (L)
Summary of YRabs that are expressed at elevated levels in different female germline cell types.
YRab groups are represented by greyscale-coded squares as described in Fig.3.9. Anterior, left;
posterior, right. Scale bar = 10µm.
in spermatogonial clusters of 16 interconnected cells (red). The transition from
spermatogonia to spermatocytes (light red) is accompanied by massive cell growth
through an increase in cell volume. Finally, each spermatocyte cluster enters meiosis
giving rise to 64 spermatids (grey) that are connected by cytoplasmic bridges.
Testis cell types can be identified by morphological features and their position in
the tissue. Male germline stem cells and gonialblasts contact hub cells at the apex of
each testis. Spermatogonia and spermatocytes can be distinguished by size.
To ask if Rab protein proportions change upon cell differentiation in female germline
cells, I compared the relative levels of each YRab protein between male germline
stem cells & gonialblasts, spermatogonia and spermatocytes (Fig.3.12B-H). Most
YRabs, e.g. YRab10, are expressed at similar levels throughout the male germline
(Fig.3.12C,C’). Four YRabs show detectable differences in relative protein levels
among germline cell types. While YRab9 protein levels are elevated in germline stem
cells, gonialblasts and spermatogonia during early spermatogenesis (Fig.3.12D,D’,H),
YRabs 19 and 23 are expressed at higher levels in spermatocytes during later stages of
spermatogenesis (Fig.3.12E-F’,H). YRabX4 is specifically expressed in spermatocytes
but not in the earlier germline cell types (Fig.3.12G-H).
3.3.3.4 A common YRab expression profile in stem cells?
Taken together, the relative proportions of YRab proteins change as neuroblasts
and germline cells differentiate suggesting that cell differentiation entails changes in
membrane trafficking as a result of altered Rab protein expression levels. Is there
a common set of Rab proteins that comprise stem cell-specific expression profiles?
Neuroblasts and germline stem cells generally express a similar set of YRabs. The
only exceptions are YRabs 3, 9, 14, X6 that are missing from neuroblasts, and
YRabX4 that is missing from germline stem cells (note that YRab3 is only expressed
in female germline stem cells). Qualitatively, there is no YRab that is specifically
expressed in a certain type of stem cell. Comparing their relative expression levels
reveals that neuroblast and female germline stem cells share elevated levels of YRabs
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Figure 3.12: YRab expression levels differ between male germline cell types. (A)
Anatomical structures and cell types of an adult testis. Adult testes comprising germline cells
(spermatogonium, red; spermatocte, pink; spermatid, grey) that originate from male germline
stem cells and gonialblasts (yellow). (B-G) Confocal sections of adult testes (see A) from wild
type (B) and homozygous Yrab10 (C), Yrab9 (D), Yrab19 (E), Yrab23 (F) and YrabX4 (G)
flies stained with an antibody against YFP (grey, B-G and green, B’-G’) to visualize YRabs.
Phalloidin labels cell outlines (magenta, B’-G’). DAPI stains nuclei (blue, B’-G’). Male germline
stem cells can be identified by their somatic hub cell-contacting position at the testis apex. (H)
Summary of YRabs that are expressed at elevated levels in different male germline cell types.
Note that YRabX4 is exclusively detectable in spermatocytes. YRab groups are represented by
greyscale-coded squares as described in Fig.3.9. Scale bar = 10µm.
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4, 18 and 40. However, their increased relative expression is not supported by male
germline stem cells. Thus, there is no common set of Rab proteins whose expression
profiles correlate with pluripotency per se, suggesting that membrane transport in
different types of stem cells is rather related to their specialized function.
3.3.4 YRabs and cell polarity
Epithelial tissues and neuronal networks are two types of functionally specialized
cells. They are hallmarks of metazoan life and both depend on polarized cellular
transport. To ask if a common set of specific Rab proteins is dedicated to vectorial
protein transport in polarized cells, I examined the subcellular localization of YRabs
in neurons and in three epithelial cell types with different functions (salivary gland
cells, ovarian follicle cells of different stages and early/late third instar wing imaginal
disc cells).
3.3.4.1 YRab compartment organization in neurons
Neurons are polarized into membrane domains specialized to receive (dendrites) or
transmit (axons) signals. In early second instar larval brains, neuronal cell bodies
are peripherally located (light brown) and extend axons and dendrites into more
central regions, forming a neuropil (dark brown) (Fig.3.13A).
To explore if functional asymmetry in neurons correlates with a polarized membrane
transport architecture, I compared the relative proportions of each YRab in neuronal
cell bodies and projections of early second instar larval brains. Nine of 22 YRabs
detectable in neurons are equally distributed between cell bodies and the neuropil
(Fig.3.13I-Q’). A set of six YRabs (YRabs 1, 4, 6, 7, 39 and X1) are enriched in
neuronal cell bodies (Fig.3.13C-H’,Y). Seven YRabs (YRabs 3, 19, 23, 26, 27, 30 and
X4) are clearly enriched in the neuropil (Fig.3.13R-Y). This group includes the highly
brain-specific YRabs 3, 26, 27 and X4. YRabs 3 and 27 have well characterized roles
in synaptic vesicle release (Mahoney et al., 2006), and it would be interesting to
examine whether other neuropil-enriched Rabs have related functions.
It is generally accepted that localization of mRNAs to dendrites and axons
regulates dendrite morphogenesis, axon guidance, and synaptic plasticity (reviewed in
Swanger and Bassell, 2011). In addition to the somatic ER/Golgi complex, dendrites
harbor a satellite protein synthesis machinery involving the ER and Golgi outposts
(Gardiol et al., 1999). Since several locally translated mRNAs encode secreted
and transmembrane proteins, I wondered if these dendritic ER/Golgi outposts
use the same Rab machinery as somatic ER/Golgi assemblies in the cell body.
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Figure 3.13: Polarized YRab protein localization in neurons. (A) Anatomical structures
and cell types of a second instar larval brain. Larval brains comprise two dorsal brain hemispheres
that are connected through the great commissure and a ventral ganglion. Below, cross section
of a second instar larval brain as indicated by a dashed line. Brains are wrapped by blood brain
barrier glial cells (red). Neuronal cell bodies (light brown) form a peripheral layer and project
neurites (dark brown) towards central regions forming a neuropil. The neuroepithelium (orange)
eventually gives rise to the adult visual system. Neuronal stem cells, called neuroblasts, (yellow)
occupy very peripheral positions.
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Figure 3.13 (continued): (B-X) Confocal sections from second instar larval brain lobes at
medial positions (see A). Larval brains from wild type (B) and homozygous Yrab (B-X) larvae
stained with an antibody against YFP (grey, B-X and green, B’-X’) to visualize YRabs. DAPI
stains nuclei (blue, B’-G’). Cell bodies can be distinguished from projecting neurites (axons and
dendrites) by the presence of nuclei. Brains are grouped according to their polarized enrichment
of YRabs in cell bodies or projecting neurites. Note that Yrabs 9, 14, 32, X5 and X6 are not
expressed in neurons and therefore missing from this panel. (Y) Summary of YRabs that polarize
towards cell bodies or projecting neurites that form a neuropil. YRab groups are represented
by greyscale-coded squares as described in Fig.3.9. Anterior, up; posterior, down. Scale bar =
10µm.
Indeed, examining subcellular YRab protein localization indicates that canonical
ER/Golgi Rabs (Rabs 1, 2 and 6) are present in both cell bodies and the neuropil
(Fig.3.13E,L,G). Thus, the canonical Rab machinery likely regulates transport of
secreted and membrane proteins in neuronal projections.
Neuronal networks are a truly metazoan feature. In addition to the general
membrane transport machinery, neurons comprise specialized trafficking routes that
are adapted to the extensive transport of neurotransmitters. To further survey the
assumption that evolutionary conservation of Rab proteins correlates with their
deployment in functionally specialized cells, I highlighted their degree of conservation
since the LECA and their emergence in metazoans by greyscale-coded squares
(Fig.3.13Y). YRabs that are enriched in cell bodies merely comprise Rabs that have
been present in the LECA (among those are 3 core Rabs), while YRabs that are
enriched in the neuropil are predominantly of metazoan origin. This strengthens
the idea that evolutionary conserved LECA Rabs organize transport pathways that
are generally required in all cells, while metazoan Rabs facilitate their functional
specialization.
3.3.4.2 YRab compartment organization in epithelia
Epithelial membranes are polarized into apical and basolateral domains with distinct
membrane composition and function. I wondered whether different epithelial cells
utilize a similar Rab protein architecture to regulate polarized transport towards
apical or basolateral membrane domains or if that rather depends on their specialized
tasks. Thus, I compared three epithelial cell types with different function, starting
with an epithelium specialized for apical secretion.
YRabs in salivary gland cells The larval salivary gland consists of two major
epithelial cell types, duct cells (dark brown) and secretory gland cells (light brown)
(Fig.3.14A). Duct cells are cuboidal cells that connect the two salivary gland lobes to
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Figure 3.14: Polarized YRab protein localization in salivary gland cells.
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Figure 3.14 (continued): (A) Anatomical structures and cell types of an early third instar
larval salivary gland. Larval salivary glands consist of a pair of lobes that comprise secretory
gland cells (light brown) and imaginal cells (light orange) that eventually form the adult salivary
gland structures. Both lobes fuse to a common duct (dark brown) that connects the salivary
gland to the larval mouth. Gland cells and duct cells are epithelial cell types with their apical
side (magenta) facing the gland lumen. (B-M) Confocal sections from two different positions
of early third instar larval salivary glands (see boxed regions in A). Larval salivary glands from
wild type (B, C) and homozygous Yrab21 (D, E), Yrab30 (F, G), Yrab6 (H, I), Yrab1 (J, K)
and Yrab4 (L, M) larvae stained with an antibody against YFP (grey, B-M and green, B’-M’) to
visualize YRabs. Crumbs (Crb) marks the apical membrane (magenta, B’-M’). Discs large (Dlg)
labels cell outlines (white, B’-M’). DAPI stains nuclei (blue, B’-M’). The polarized localization
of YRabs towards apical or basolateral membranes can be assessed through the polarity markers
Crb and Dlg. (N) Summary of YRabs that polarize towards apical, medial or basal membranes.
YRab groups are represented by greyscale-coded squares as described in Fig.3.9. Anterior, left;
posterior, right. Scale bar = 10µm.
the larval mouth. Polyploid gland cells are columnar cells that continuously produce
and release digestive enzymes and, by the end of larval development, glue proteins
into the apical lumen. Both polarized cell types are separated by a ring of imaginal
cells (light orange) that will form the adult salivary gland.
To explore the Rab architecture in epithelia, I first analyzed subcellular YRab
protein localization in salivary gland cells of early third instar larvae. Six out
of 18 YRabs expressed in gland cells localize to equally distributed diffuse, e.g.
YRab21 (Fig.3.14D-E’), or punctate, e.g. YRab6 (Fig.3.14H-I’), structures along
the apicobasal axis. YRabs 11, 19 and 30 are each enriched in a diffuse apical pool
(Fig.3.14F-G’,N). In addition to its diffuse apical pool, YRab11 is also present in
larger medial and basal structures (Fig.3.14N). YRab35 levels are elevated at the
apical cortex (Fig.3.14N). It also localizes to unique ring-like structures of unclear
identity in the medial cytoplasm (see FLYtRAB/CATMAID). YRab4 is enriched on
punctate structures right above the basal membrane (Fig.3.14L-N).
The apical group of YRabs (YRabs 11, 19, 30 and 35) would be good candidates for
mediating apical secretion in salivary gland cells. Each salivary gland cell contains
multiple large cup-shaped ER/Golgi compartments that stain for Lava lamp (see
Fig.3.2C’,D’,E’). As shown in Section 3.1, YRab1 colocalizes with virtually all Lava
lamp-positive membranes. YRab1 compartments are apically excluded and occupy
the medial/basal cytoplasm (Fig.3.14J-K’,N). Six additional YRabs (YRabs 2, 6,
8, 10, 18 and X1) localize to medial/basal compartments of similar morphology.
Since Rabs 1, 2 and 6 have established functions in ER/Golgi, and Rabs 8 and 10 in
secretory post-Golgi trafficking (see Section 1.1.6), it would be interesting to identify
related functions for Rabs 18 and X1. The basal localization of YRab4 is surprising
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since Rab4 has been implicated in regulating early endosomal recycling at the apical
plasma membrane in epithelial cells (Mohrmann et al., 2002).
YRabs in ovarian follicle cells To ask if epithelia comprise a conserved Rab
architecture, I next analyzed subcellular YRab localization in the ovarian follicular
epithelium. When egg chambers emerge from the germarium at stage 1, follicular
epithelial cells (green) are cuboidal and their apical surface contacts germline cells
(light red and grey) (see Fig.3.11A). At early stages of oogenesis, follicle cells grow
through five to six rounds of mitotic divisions and communicate extensively with germ
line cells to properly assemble egg chambers in the germarium, and to regulate follicle
cell patterning and growth (Deng et al., 2001; González-Reyes and St Johnston, 1998)
(Fig.3.15A). At stage 6, follicle cells leave the mitotic division program and undergo
three rounds of endoreplication to grow by becoming polyploid. At stage 9, a group
of six to ten polar follicle cells (dark green) delaminate from the anterior pole and
migrates as a cluster of cells, called border cells (light green), between nurse cells
(light red) towards the oocyte (light grey). At the same time, the majority of follicle
cells that wrap around germ line cells translocate posteriorly to cover the growing
oocyte. The small number of follicle cells that remain in contact with nurse cells
flatten and become squamous (Deng and Bownes, 1998). Follicle cells that contact
the oocyte elongate and become columnar, a process called cuboidal-to-columnar
shape transition, during which the area of the basolateral membrane increases by
growth (Kolahi et al., 2009).
To ask if follicle epithelial cells comprise a similar Rab protein architecture as
apparent in salivary gland cells, I analyzed the subcellular YRab protein localization in
early (stage 2-8) (Fig.3.15B-G’,N) and late (stage 9) (Fig.3.15H-N) follicle cells. Five
out of 21 YRabs that are detectable in follicle cells, e.g. YRab40, are not polarized
at any time during oogenesis (Fig.3.15C,C’-I,I’). A set of 16 YRab proteins display
two different architectures depending on the developmental stage. As the follicle
cells communicate with the overlying germline during early stages of oogenesis, eight
YRabs, e.g. YRabs 5 and 7, polarize towards the apical domain (Fig.3.15D-E’,N),
while YRabs 23 and 35 localize to the medial cortex (Fig.3.15F,F’,N). As follicle
cells columnarize by stage 9, a new YRab architecture develops. The apical YRab
polarization is entirely lost, and a set of eight YRabs, e.g. YRabs 2, 7 and 35,
polarize towards the basal side of the cell (Fig.3.15K-N).
Comparing the Rab protein architecture in the two epithelia examined so far
reveals that early follicle cells and salivary gland cells share the apical localization
of YRabs 11, 19 and 30. This feature, however, disappears in late follicle cells
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Figure 3.15: Polarized YRab protein localization in ovarian follicle cells.
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Figure 3.15 (continued): (A) Anatomical structures and cell types of an adult ovariole. Adult
ovarioles consist of multiple connected egg chambers comprising germline cells (nurse cell, pink;
oocyte, grey) that are wrapped by somatic follicle cells (green). Follicle cells are an epithelial cell
type with its apical side (magenta) facing the germline. As egg chambers mature, follicle cells
undergo cuboidal-to-columnar transitions starting from stage 8. At stage 9, a patch of anterior
follicle cells (border follicle cells, light green) delaminates and migrates posteriorly towards the
oocyte. (B-M) Confocal sections from stage 2-8 (B-G) and stage 9 egg chambers (H-M) of
adult ovarioles (see A). Adult ovarioles from wild type (B, H) and homozygous Yrab40 (C, I),
Yrab5 (D, J), Yrab7 (E, K), Yrab35 (F, L) and Yrab2 (G, M) flies stained with an antibody
against YFP (grey, B-M and green, B’-M’) to visualize YRabs. Phalloidin labels cell outlines
(magenta, B’-M’). DAPI stains nuclei (blue, B’-M’). The polarized localization of YRabs towards
apical or basolateral membranes can be assessed through the apical enrichment of Phalloidin.
(N) Summary of YRabs that polarize towards apical, medial or basal membranes at different
stages of egg chamber maturation. YRab groups are represented by greyscale-coded squares as
described in Fig.3.9. Anterior, left; posterior, right. Scale bar = 10µm.
suggesting that the polarized localization of Rab proteins in epithelia rather reflects
their functional deployment. This is supported by the finding that the apical YRab
group of early follicle cells is enriched for endocytic Rabs (Rabs 4, 5, 7 and 11) as
cells communicate extensively, while the basal group in late follicle cells comprises
many Rabs involved in secretory membrane transport (Rab 1, 2, 6, 8 and 10) as
cells expand their basolateral surface by growth. To what extend this correlation is
relevant for follicle cell morphogenesis and function requires further analysis.
YRabs in wing imaginal disc cells So far, these data suggest that epithelia do not
share a principle Rab architecture per se. Instead, the reorganization of membrane
trafficking observed in developing follicle cells might be a common aspect of cells
that undergo cuboidal-to-columnar shape transitions. Thus, I analyzed the YRab
compartment organization during morphogenesis of the larval wing imaginal disc, an
epithelium that later gives rise to the adult wing and thorax. In early third larval
instar wing imaginal discs, all disc cells are cuboidal (light brown) (Fig.3.16A). By
the end of the third larval instar, cells on one side of the disc become squamous
(peripodial cells), whereas cells of the other side (disc proper cells) columnarize by
apical constriction in response to Dpp signaling (Widmann and Dahmann, 2009).
Late third larval instar wing imaginal discs comprise a pseudostratified topology and
form a densely packed central region, called pouch (dark brown).
To ask if epithelia that undergo cuboidal-to-columnar shape transitions comprise
a conserved Rab architecture, I next examined subcellular YRab localization in
third instar wing imaginal discs before (Fig.3.16B-G’,N) and after (Fig.3.16H-N)
pseudostratification. Twelve out of 20 YRabs that are generally expressed in wing
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Figure 3.16: Polarized YRab protein localization in wing imaginal disc cells.
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Figure 3.16 (continued): (A) Anatomical structures and cell types of early and late third
instar larval wing imaginal discs. Wing imaginal discs comprise disc proper cells (light brown)
that eventually form a densely packed central region called pouch (dark brown). Wing imaginal
disc proper cells are an epithelial cell type with its apical side (magenta) facing the wing imaginal
disc lumen. In early third larval instar wing imaginal discs, apicobasal polarity can be observed
in cross sections of cells around the margin. As wing imaginal discs mature, cells undergo
cuboidal-to-columnar transitions resulting in pseudostratification. (B-M) Confocal sections from
early (x-y section, B-G) and late (x-z section, H-M and apical x-y section, H”, H” ’, I”, I” ’, K”, K” ’,
M”, M”’) third instar larval wing imaginal discs (see boxed regions in A). Larval wing imaginal
discs from wild type (B, H) and homozygous Yrab40 (C, I), Yrab5 (D, J), Yrab8 (E, K), Yrab11
(F, L) and Yrab6 (G, M) larvae stained with an antibody against YFP (grey, B-M and green,
B’-M’) to visualize YRabs. Crumbs (Crb) marks the apical membrane (magenta, B’-M’). Discs
large (Dlg) labels cell outlines (white, B’-M’). DAPI stains nuclei (blue, B’-M’). The polarized
localization of YRabs towards apical or basolateral membranes can be assessed through the
polarity markers Crb and Dlg. Apical x-y sections visualize a characteristic structure, referred to
as apical hub, present in the cytoplasm of late wing imaginal disc cells (N) Summary of YRabs
that polarize towards apical or basal membranes as well as their reproducible localization in the
apical hub. YRab groups are represented by greyscale-coded squares as described in Fig.3.9.
Scale bar = 10µm.
imaginal disc cells are equally distributed throughout the cell in diffuse, e.g. YRab40
(Fig.3.16C,C’,I,I’), or punctate, e.g. YRab6 (Fig.3.16G,G’,M,M’), pools at any
time of wing imaginal disc development. Before pseudostratification, three YRabs
are distributed in a polarized fashion. YRabs 5 and X1 are apically enriched
(Fig.3.16D,D’,N), and YRab8 is basally enriched (Fig.3.16E,E’,N). The initial YRab
architecture changes upon pseudostratification. In addition to YRabs 5 and X1 that
keep their apical localization, six other YRabs, among them YRab8 that reverts
its initial basal polarity, enrich in apical pools (Fig.3.16J-K’,N). YRab11 polarizes
towards the apical and basal membrane (Fig.3.16L,L’,N).
Wing epithelial cells develop an additional unique feature during pseudostratification.
More than half of the YRabs in the wing imaginal disc are reproducibly represented in
a characteristic structure found in the apical cytoplasm at the level of the junctions
(Fig.3.16H”-M”’,N). I refer to this structure as the apical hub. The apical hub
is not only visible in YRabs that are apically enriched, e.g. YRabs 5, 8 and 11
(Fig.3.16J-L’,N), but also in YRabs that show an otherwise uniform localization
throughout the cell, e.g. YRab6 (Fig.3.16M,M’,N). Strikingly, many Rabs in both
the secretory (Rabs 1, 2, 6, 8 and 10) and endocytic pathways (Rabs 4, 5, 7 and 11)
are represented in this apical hub even when they also localize to other positions in
the cell. The apical hub coincides with a dense apical web of microtubules (Eaton et
al., 1996) that arises during pseudostratification in response to Dpp signaling (Shen
and Dahmann, 2005; Gibson and Perrimon, 2005). Whether this feature facilitates
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pseudostratification by apical constriction requires further examination, e.g. in other
developing epithelia that pseudostratify such as neural tube and retina.
Comparing the Rab protein architecture in ovarian follicle cells, and wing imaginal
disc cells reveals that, in both cell types, the endomembrane transport machinery
underlies a major reorganization as these epithelia undergo cuboidal-to-columnar
transitions and pseudostratification. Impairing Rab protein localization will proof if
the dynamic reorganization of membrane trafficking routes is a key mechanism for
epithelial morphogenesis.
3.3.4.3 A common YRab protein architecture in polarized cells?
To what extent is a polarized Rab compartment architecture conserved among
epithelia? To help visualize the different YRab localization patterns, I performed
hierarchical clustering based on selected annotation features that describe the
polarized localization of cortical, punctate and diffuse YRab pools, generating a
dendrogram for each polarized cell type described above (Fig.3.17). Each dendrogram
is color-coded according to the subcellular localization of YRab pools that are
polarized towards apical (magenta), medial (brown), mediobasal (green) and basal
membranes (blue) as well as enriched in neuronal projections (magenta) or cell
bodies (blue). YRabs along black and gray branches are either not polarized or
not expressed. Dashed lines indicate the presence of the YRab in the apical hub of
wing imaginal discs. YRabs that are polarized towards the same membrane domain
might fall into two branch groups in the dendrogram because their compartment
morphologies differ.
Comparing all six dendrograms reveals that most YRabs are polarized in at
least one cell type. The only widely expressed YRabs, which never appear in a
polarized fashion in any of the annotated cell types are YRabs 9, 21 and 40. Thus,
the ability to polarize is not limited to a certain set of YRabs. It also does not
reveal any consistent polarity pattern, neither for polarized cells in general nor for
epithelia in particular. The only exceptions are YRabs 19 and 30 that share a
common architecture in a subset of polarized cells (Fig.3.17A-C). Their enrichment in
neuronal projections and polarized localization towards the apical domain in salivary
gland cells and stage 2-8 follicle cells suggests a common function in polarized
secretion in these cells. Apart from this Rab pair, these data provide no support for
the idea that epithelial apicobasal polarity relies on a common set of Rabs. This
is not only true between different epithelia (Fig.3.17B-F), e.g. salivary gland cells
and follicle cells, but even in the same epithelium at different stages of development
(Fig.3.17C/D, E/F), e.g. follicle cells at stage 2-8 and stage 9. In contrast to neurons,
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Figure 3.17: Similarity of polarized YRab protein localization in neurons and epithelia.
(A-F) Dendrograms derived from hierarchical clustering of selected annotation features describing
the polarized localization of YRabs in neurons (A), gland cells (B), cuboidal (C) and columnar
(D) follicle cells and wing imaginal disc cells before (E) and after (F) pseudostratification.
Y-axis indicates similarity level of YRab localization ranging from no similarity (0) to identical
localization (1).
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Figure 3.17 (continued): Color code indicates polarized YRab localization group: apically
enriched/enriched in neuronal projections, magenta; medially enriched, brown; medially and
basally enriched, green; basally enriched/enriched in neuronal cell bodies, blue; uniformly
localized YRabs, black and undetectable YRabs, grey. Dashed line indicates presence of YRabs
in apical hub of wing imaginal discs. YRab groups are represented by greyscale-coded squares
as described in Fig.3.9. Clustering metric: Jaccard; clustering method: UPGMA (Unweighted
pair group method with arithmetic mean). The annotation features used for each hierarchical
clustering can be found in the appendix (see Section 7.2).
the polarized localization of Rabs in epithelia does also not strikingly correlate
with their evolutionary conservation since the LECA or their origin in metazoans.
Taken together, these data collectively suggest that epithelia flexibly deploy the Rab
machinery depending on their specialized task or developmental state.
3.3.5 YRabs and function
So far, I qualitatively and quantitatively characterized YRab cell type expression and
subcellular localization in a broad range of functionally specialized cell types. Using
subsets of all available annotation features for hierarchical clustering, I addressed
specific questions of YRab cell type specificity (see Section 3.3.2) and cell polarity
(see Section 3.3.4) from a functional and evolutionary perspective. In this section, I
want to demonstrate how hierarchical clustering of a broader range of annotation
features facilitates, first, the identification of YRabs with similar properties in cell
type expression and subcellular localization, and, second, the generation of functional
predictions that can be subsequently tested by genetic loss-of-function experiments.
3.3.5.1 Identification of YRab proteins with similar cell type expression and
subcellular localization
Endomembranes can harbor multiple Rabs that sort into distinct membrane domains
on the same compartment. These Rab domains transiently exist and can be converted
by cascading mechanisms to change the identity of the respective compartments
through distinct Rab GEFs, Rab GAPs and PIPs (reviewed in Jean and Kiger, 2012;
Zerial and McBride, 2001).
To identify YRabs with similar cell type expression and subcellular localization, I
performed two-dimensional hierarchical clustering based on all annotation features
that describe the subcellular localization of YRab proteins, including compartment
morphology and, if applicable, its polarized localization, across all annotated cell
types (Fig.3.18). The output are two dendrograms that indicate the similarity of
YRabs regarding their annotation features (YRab dendrogram, horizontal) and,
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Figure 3.18: Similarity of subcellular YRab protein localization in annotated cell types.
Dendrograms derived from two-dimensional hierarchical clustering of all annotation features
describing the morphology and polarized localization of YRab compartments in 23 different
annotated cell types (for wing imaginal disc and ovary along with developmental stages).
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Figure 3.18 (continued): The horizontal dendrogram indicates the similarity of YRabs regarding
their annotation features (YRab dendrogram). The vertical dendrogram indicates the similarity
of annotation features that apply to certain YRabs (feature dendrogram). Y-axis of horizontal
dendrogram indicates similarity level of YRab localization ranging from no similarity (0) to
identical localization (1). Color code of vertical dendrogram indicates YRab localization group:
cortical, yellow; intracellular diffuse, orange; intracellular punctate, red; apically enriched/enriched
in neuronal projections, magenta; basally enriched/enriched in neuronal cell bodies, blue. Black
squares at the intersection of each annotation feature (vertical dendrogram) and YRab (horizontal
dendrogram) indicate that the respective combination exists. Yellow box highlights a cluster
of cortically localizing YRabs, including YRabs 23 and 35. YRab groups are represented by
greyscale-coded squares that distinguish last eukaryotic common ancestor (LECA) Rabs according
to how often they are lost in eukaryotes (see legend below). White squares indicate Rabs that
arose in metazoans. Clustering metric: Jaccard; clustering method: two-dimensional UPGMA
(Unweighted pair group method with arithmetic mean). The annotation features used for this
hierarchical clustering can be found in the appendix (see Section 7.2).
inversely, the similarity of annotation features that apply to certain YRabs (feature
dendrogram). Both dendrograms flank a binary grid in which black squares at
the intersection of each YRab and annotation feature indicate that the respective
combination exists. Major branch groups of annotation features are color-coded
in the feature dendrogram. These include features that describe the morphology
of unpolarized YRabs (yellow, orange, red) as well as their polarized localization
(magenta, blue).
The binary grid reveals three main cluster of different size representing features that
describe cortical (yellow), intracellular diffuse (orange) and intracellular punctate
(red) YRab pools. The ’Intracellular diffuse’ cluster is the largest since virtually every
YRab is present in a cytoplasmic diffuse fraction in each cell where it is expressed.
The ’Intracellular punctate’ cluster represents YRabs that are additionally present
on enlarged confined structures in the cytoplasm. The smallest ’Cortical’ cluster is
composed of three YRabs that localize predominantly to the plasma membrane.
Hierarchical clustering of this broad range of annotation features facilitates the
identification of YRabs with similar properties among the annotated cell types. The
YRab dendrogram indicates five main YRab groups. The first group includes YRabs
32 and X5 that are not detectable in any of the annotated cell types. The second
group consists of the highly cell type-specific YRabs 3, 26, 27 and X4 that share
a polarized diffuse appearance in neurons. YRabs 9, 23 and 35 comprise a small
group of cortically localized Rabs, while the two largest groups differ by the presence
of YRabs in diffuse only or diffuse and punctate pools. Of those main groups, the
most similarly annotated YRab pairs are YRabs 26 and 27 (highly cell type-specific
group), YRabs 23 and 35 (cortical group), YRabs 19 and 30 (diffuse group) as well
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as YRabs 1 and 7 (diffuse and punctate group). These groups are first candidates
that might reside on the same endomembrane compartment or corporately organize
a specific membrane transport step in cells where they are coexpressed. However,
these results require careful subsequent analysis since the clustering also predicts
corporate properties for YRabs 1 and 7, presumably originating from its ubiquitous
expression and the rather coarse ’intracellular punctate’ annotation feature.
3.3.5.2 Does Rab phylogeny predict corporate YRab cell type expression
and subcellular localization?
The evolution of membrane trafficking routes is intertwined with gene expansions
and secondary losses, two significant forces that formed the Rab protein family since
the LECA. The different degree of sequence similarity between each member of the
Rab protein family facilitates the construction of phylogenetic trees that infer their
evolutionary relationship (Elias et al., 2012; Zhang et al., 2007; Pereira-Leal and
Seabra, 2001).
To examine whether YRab compartment morphology and its polarized localization
is related to Rab protein phylogeny, I highlighted their degree of conservation since
the LECA and their emergence in metazoans by greyscale-coded squares (Fig.3.18).
The ’Intracellular diffuse’ cluster contains every LECA (group I-IV) and metazoan
(group V) Rab. With the exception of YRab39, the ’Intracellular punctate’ cluster
mainly represents conserved LECA Rabs (groups I-III). The ’Cortical’ group is
composed of three often lost LECA (group IV) and metazoan (group V) Rabs.
As shown in Section 3.3.2, conserved LECA Rabs (group I-III) are ubiquitously
expressed in all the 23 annotated cell types, while less conserved LECA Rabs (group
IV) and those that arose in metazoans (group V) are more cell type-specific. In
addition to these observations, this data indicates that LECA Rabs, which are
rather conserved throughout eukaryotes, tend to be present on confined punctate
intracellular membrane compartments and organelles, whereas less conserved LECA
and metazoan Rabs exist in smaller diffuse pools.
Comparing the YRab dendrogram with sequence-based phylogenetic Rab trees
proposed by Elias et al. (2012); Zhang et al. (2007); Pereira-Leal and Seabra (2001)
reveals that two out of the four most similarly annotated YRab pairs are of metazoan
origin and evolutionarily related. These are YRabs 26 and 27 (cell type-specific
group) as well as YRabs 19 and 30 (diffuse group). The fact that compartment
morphology and subcellular localization features of Rabs that comprise these groups
have evolved together for the last 600 million years (Hedges, 2002) suggests that
their functions are interdependent. However, upon simultaneous depletion of apically
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enriched YRabs 19 and 30 in salivary gland cells, I did not obtain an obvious mutant
phenotype (data not shown). This suggests that both Rabs are either dispensable
for the apical secretion of glue granules in salivary gland cells or the function of
both was bypassed through other membrane transport pathways. Most other YRab
pairs that share similar compartment morphology and polarized localization, e.g.
YRabs 23 and 35 (cortical group), are not phylogenetically related. Their shared
features, however, suggest that it would be interesting to investigate whether they
have corporate functions.
3.3.5.3 Functional analysis of YRab23 and YRab35
YRabs 23 and 35 represent a phylogenetically unrelated Rab pair with similar
compartment morphology and subcellular protein localization features. These YRabs
are both found in a cortical pool in all cell types where they are present (Fig.3.18,
yellow box). I therefore wondered whether they might fulfill redundant functions in
cell types where they are coexpressed. While YRab35 is ubiquitously expressed among
the annotated cell types (see Fig.3.9), YRab23 is mainly expressed in epithelial tissues
such as the developing wing. Flies that carry a mutant rab235-SZ-3123 allele display
disturbed tissue polarity in the adult wing (Pataki et al., 2010). Normally, each wing
cell produces a single, distally oriented hair (Fig.3.19D-D”). When Rab23 is lost,
cells produce multiple hairs and hair orientation shifts away from the proximodistal
axis towards the wing margin (Fig.3.19E-E”). No published classical allele of rab35
exists. However, dominant negative Rab35 expression and targeted Rab35 knock
down disturb actin organization in thoracic bristles (Zhang et al., 2009).
In D. melanogaster, the comprehensive genetic toolbox allows controlled temporal
and spatial disruption of protein function at different levels. Especially, the expression
of targeted RNA interference (RNAi) constructs has been widely used to knock down
genes of interest. However, the conventional gene-specific RNAi approach is prone
to off-target effects (Mohr et al., 2010). More recently, tag-specific gfpRNAi has
been established to knock down GFP-tagged proteins (Neumüller et al., 2012). An
alternative method is the directed depletion of GFP-tagged proteins (deGradFP)
through induced proteasomal degradation (Caussinus et al., 2012).
To ask whether these tag-based tools were generally effective at reducing levels of
YFPMyc-tagged Rabs, I drove their expression in flies homozygous for Yrab23 using
engrailed-Gal4 (Fig.3.19). Indeed, both methods strongly reduce levels of YRab23 in
the posterior compartment of the wing imaginal disc (Fig.3.19A,B,C), and produce
phenotypes in the posterior compartment similar to rab23 mutants (Fig.3.19E-G”).
Thus, gfpRNAi and deGradFP can be used to efficiently knock down YRabs in a
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Figure 3.19: Targeted YRab23 knock down resembles rab23 loss-of-function
phenotype. (A-C) Third instar larval wing imaginal disc from homozygous Yrab23 control
larvae (B) and homozygous Yrab23 larvae in which tag-specific gfpRNAi (B) or deGradFP (C)
is expressed in the posterior compartment under the control of engrailed-Gal4 stained with an
antibody against YFP to visualize YRab23.
Chapter 3. Results 77
Figure 3.19 (continued): (D-G) Adult wings from homozygous Yrab23 control flies (D),
homozygous rab235-SZ-3123mutant flies (E) and homozygous Yrab23 flies in which tag-specific
gfpRNAi (F) or deGradFP (G) is expressed in the posterior compartment under the control of
engrailed-Gal4. Quantification of wing hair orientation patterns of adult wings shown in D”-G”
reveal disturbance of hair polarity in the posterior compartment upon YRab23 depletion (F, G,
compare to D, E). Each red-blue arrow indicates averaged polarity over a region comprising
about 100 hairs (see experimental procedures, 6.8). Arrowheads in enlargements of boxed
regions shown in D”-G” indicate multiple wing hairs in the posterior compartment upon YRab23
depletion (F’, G’, compare to D’, E’). All adult wings, except rab235-SZ-3123 , from female flies.
Scale bar = 100µm (wing imaginal discs) and 500µm (adult wings).
temporally and spatially controlled manner. Since these tools substantially reduce
the rate of off-target effects, they allow the precise exploration of Rab protein function
in any D. melanogaster tissue.
I utilized the tag-specific RNAi approach to ask if the cortically localized YRabs 23
and 35 corporately regulate wing morphogenesis. Using nubbin-Gal4, I depleted both
YRabs in the developing wing blade of flies homozygous for each Yrab (Fig.3.20).
To exclude off-target effects caused by the expression of the gfpRNAi construct, I
induced it in an otherwise wild type background. The expression of gfpRNAi alone
does not induce any observable hair defect in the adult wing (Fig.3.20A-A” and
compare to Fig.3.19D-D”). The knock down of YRab23 in the developing wing blade
results in the characteristic rab23 mutant phenotype described above (Fig.3.20G,
B-B” and compare to Fig.3.19E-E”). Although gfpRNAi efficiently reduces YRab35
levels (Fig.3.20H), its depletion only causes occasional subtle disturbances in hair
morphology (Fig.3.20C,C’ and data not shown) but not polarity (Fig.3.20C,C”). To
test if YRabs 23 and 35 function corporately, I expressed gfpRNAi in flies harboring
both the Yrab23 and Yrab35 alleles. The simultaneous knock down of both Yrab
mRNAs efficiently reduces their protein levels in the wing imaginal disc (Fig.3.20I).
In the adult wing, it produces defects in hair morphology and polarity (Fig.3.20D-D”)
that would be expected from the sum of the individual phenotypes. However, the
simultaneous depletion of both YRab proteins additionally produces a new phenotype,
not seen in either knock down alone: the formation of ectopic cross veins (Fig.3.20D
and quantified in H).
Thus, Rab23 and Rab35 function redundantly to organize the pattern of veins in
the D. melanogaster wing. Membrane trafficking is key to the regulation of many
signaling systems (e.g. Dpp, EGFR, Notch) that determine wing vein patterning
(Kruse et al., 2004; Wang and Struhl, 2004; Blair, 2007). It will be interesting to
further investigate how Rab23 and Rab35 influence signal transduction.
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Figure 3.20: Redundant function of YRab23 and YRab35 in wing morphogenesis.
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Figure 3.20 (continued): (A-D) Adult wings from flies expressing tag-specific gfpRNAi in the
whole wing blade under the control of nubbin-Gal4 in the background of homozygous Yrab23
(B), Yrab35 (C) and Yrab23,Yrab35 (D). Control flies (A) express gfpRNAi without a Yrab
target in the background (A). Arrowheads in enlargements of boxed regions shown in A-D
indicate multiple wing hairs in the wing blade upon YRab23 depletion (B’, D’, compare to A’, C’
and Fig.3.19E’). Quantification of wing hair orientation patterns of adult wings shown in A-D
reveal disturbance of hair polarity in the wing blade upon YRab23 depletion (B”, D”, compare to
A”, C” and Fig.3.19E). Each red-blue arrow indicates averaged polarity over a region comprising
about 100 hairs (see experimental procedures, 6.8). Simultaneous depletion of Yrab23,Yrab35
results in ectopic veins in the wing blade (D, compare to A-C). (E) Fraction of male and
female flies displaying ectopic wing veins (grey) after time-controlled simultaneous depletion
of YRab23 and YRab35 in the developing wing blade (nubbin-Gal4, alphaTub84B-Gal80ts) at
restrictive (left, n=13 (male), 9 (female)) and permissive (control, n=10 (male), 10 (female))
temperatures. (F-I) Third instar larval wing imaginal disc from homozygous Yrab23,Yrab35
control larvae (F) and larvae expressing tag-specific gfpRNAi in the whole wing imaginal disc
pouch under the control of nubbin-Gal4 in the background of homozygous Yrab23 (G), Yrab35
(H) and Yrab23,Yrab35 (I) stained with an antibody against YFP to visualize YRab23 and
YRab35 and verify its depletion. All adult wings are from male flies. Scale bar = 100µm (wing
imaginal discs) and 500µm (adult wings).

4 Discussion
The classical separation between cell biology and developmental biology becomes
more and more elusive as both fields are increasingly indispensable for each other. It is
virtually impossible to address fundamental questions of developmental biology, such
as the mechanisms that contribute to the formation of tissues and organs, omitting
the cell biology of differentiating cells as they reorganize their cellular architecture,
and more specifically their endomembrane transport machinery, to perform cell
type-specific functions. The Rab family of small GTPases orchestrates intracellular
endomembrane transport. Since its first discovery in 1987, approximately 70 Rab
GTPases have been identified in humans to date. Almost three decades of studies
have contributed to our current understanding of how Rabs regulate intracellular
membrane transport through a vast range of effector proteins.
This is the first comprehensive in vivo study that visualizes cell type expression and
subcellular localization of endogenously tagged Rab proteins. Using the ’Drosophila
Rab Library’, I systematically characterize the complete Rab complement in D.
melanogaster across six larval and adult tissues comprising more than 23 different
cell types. For each Rab, I provide three-dimensional high-resolution image data sets
that are, along with its annotations and analysis tools, publicly available for online
browsing and download through FLYtRAB/CATMAID at http://rablibrary.
mpi-cbg.de
1. The FLYtRAB database and the ’Drosophila Rab Library’ are
complementary resources to explore specialized functions of membrane trafficking
pathways in vivo. I exploit the comprehensive image data set to address questions
in cell differentiation, cell polarity and Rab protein evolution. I further delineate
an approach to make functional predictions based on Rab cell type expression and
subcellular localization, and their subsequent functional analysis using the ’Drosophila
Rab Library’. This way, I reveal new redundant functions for Rab23 and Rab35
during D. melanogaster wing development.
1The following credentials are required until the paper has been accepted: User: flytrab / Password:
b4Fq8k
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4.1 Rabs and cell differentiation
Knowledge about Rab protein abundance and cell type expression is an important first
step to generate global profiles of the membrane transport machinery in different kinds
of specialized cells. To quantify Rab protein levels and their relative proportions, I
established a quantitative western blot (qWestern) approach that is suitable for tissues
that comprise mainly a single type of cells (e.g. larval wing imaginal disc, fat body,
salivary gland). I complemented Rab protein quantification by immunofluorescence
to assess Rab protein cell type expression and subcellular localization. The profiling
of YRabs by immunofluorescence is especially favorable for tissues that comprise
multiple cell types (e.g. larval brain, adult ovary and testis).
4.1.1 Relative Rab expression levels vary between functionally
specialized cells
Ubiquitous Rabs generally expressed at rather constant levels YRabs 1, 6, 7,
8 and 11 are ubiquitously expressed among the 23 annotated cells types and generally
detectable at highest levels throughout the three tissues profiled by qWestern. Other
ubiquitously expressed Rabs, including YRabs 4, 9 and 10, are present at lower levels.
Assuming that the amount of Rab proteins present in a cell determines the capacity
of the respective compartments, highly abundant Rabs potentially control major
parts of secretory and endocytic membrane transport routes. Indeed, Rabs 1, 7 and
11 are key membrane organizers involved in secretion, degradation, and recycling and
virtually every cargo passes at least one of these compartments (see Section 1.1.6).
Three possible scenarios demonstrate how low abundant and high abundant Rabs
might operate together: i) Rabs on discrete compartments use the same transport
route in parallel; ii) Rabs transiently/stably localize to the same compartments and
corporately transport cargo along the same pathway; iii) Rabs branch from a common
compartment and propagate cargo transport along divergent directions. Indeed, each
of these three scenarios can be supported by functional data. i) Rab10 cooperates
with Rab8 in biosynthetic transport of basolateral-destined cargo in MDCK cells
although both Rabs do not localize to the same endomembrane compartment (Schuck
et al., 2007). Schuck et al. (2007) found that knock down of Rab8 or Rab10 each
causes in a minor missorting defect. However, the simultaneous depletion of both
Rabs results in an additive effect and strongly disturbs basolateral sorting. ii) Rabs
4 and 11 have both been identified to colocalize on recycling endosomes (Sönnichsen
et al., 2000; Li et al., 2008; Ward et al., 2005) and they corporately regulate the
recycling of angiotensin II type I receptor (Li et al., 2008) and immunoglobulin
Chapter 4. Discussion 83
G (Ward et al., 2005) in mammalian cells. iii) Although Rabs 7 and 9 have been
shown to localize to the same late endosomes (Barbero et al., 2002), Rab9 but
not Rab7 regulates late endosome to trans-Golgi transport of cargo, e.g. Mannose
6-phosphate receptors, that have been sorted into the Rab7-mediated degradation
pathway (Lombardi et al., 1993). In turn, Rab7 but not Rab9 silencing results in a
reduced viral infection rate in mammalian cell culture (Macovei et al., 2013).
It is commonly accepted that endomembrane compartments can bear multiple Rabs
that organize into discrete membrane domains on the surface (reviewed in Zerial and
McBride, 2001). These Rab domains transiently exist and their dynamical conversion
is essentially regulated by distinct Rab GEFs, Rab GAPs and PIPs (reviewed in
Jean and Kiger, 2012; Zerial and McBride, 2001) as demonstrated by the conversion
of early to late endosomes through a switch from Rab5 to Rab7 (Rink et al., 2005).
While Rab GEFs and GAPs modulate Rab protein activity and therefore essentially
regulate cargo flux through the corresponding compartment, the quantitative analysis
of Rab proteins represents their steady state levels and rather indicates membrane
cargo capacity. A recent study describes the comprehensive mapping of Rab effectors
in D. melanogaster S2 cells (Gillingham et al., 2014) and their thorough analysis in
vivo will be beneficial to further elaborate this idea.
Ubiquitous Rabs expressed at variable levels YRabs 2, 5, 18 and 35 are also
ubiquitously expressed (except YRab5, which is not detectable in migrating border
cells by immunofluorescence) but present at different relative proportions between the
three profiled tissues. YRab18, for example, is relatively more abundant in fat body
cells than in the other two tissues. Rab18 has been localized to distinct populations
of intracellular lipid droplets in adipocytes and HepG2 cells suggesting a role in
lipid metabolism (Martin et al., 2005; Ozeki et al., 2005). However, neither does the
expression of dominant negative/active Rab18 versions nor Rab18 RNAi result in a
significant change in bulk lipid droplet morphology - not in these studies an also not
in the D. melanogaster fat body (Martin et al., 2005; Ozeki et al., 2005; Wang et al.,
2012). Given that Rab18 localizes to specific subsets of lipid droplets (Martin et al.,
2005), that it interacts with an ER tethering complex and another protein linked to
lipid droplet formation (Gillingham et al., 2014), however, does not directly rule out
a role of Rab18 in lipid droplet biogenesis. For example, embryonic fibroblasts from
RAB18 mutant mice show enlarged lipid droplets, supporting a role for RAB18 in
lipid droplet metabolism (Carpanini et al., 2014). Several other members of the Rab
family (Rabs 2, 5 and 6), but not Rab18, have been purified from lipid droplets of
larval D. melanogaster fat bodies (Beller et al., 2006). However, the localization of
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these Rabs to lipid droplets as well as its functional relevance could not be addressed
so far. The fat body image data set that is available through FLYtRAB/CATMAID
allows the systematic identification of these and other Rab proteins that potentially
regulate lipid storage in D. melanogaster.
Cell type-specific Rabs YRabs 3, 23, 26, 27 and 32 are cell type-specifically
expressed. YRab32 is specifically detectable at low levels in fat body cells. Indeed,
it has been demonstrated that Rab32 is important for autophagy and lipid storage
in the fat body (Wang et al., 2012). YRab23 is missing from four annotated cell
types (fat body cell, gland cell, hub cell, spermatogonium) but present at low levels
in wing imaginal discs and salivary glands. There is evidence that Rab23 is involved
in regulating hair outgrowth in epithelial structures including wing, abdomen, and
leg (Pataki et al., 2010). YRabs 3, 26 and 27 are not detectable in any tissue
assessed by qWestern. Immunofluorescence reveals that those three YRabs, together
with YRabX4, comprise an extremely cell type-specific group sharing the feature of
being expressed in neurons. The specific expression of Rab3 and Rab27 in neurons
is supported by the discovery of various neurological diseases that are associated
with their dysfunction during synaptic vesicle recycling and neurotransmitter release
(reviewed in Mitra et al., 2011), as exemplified by Griscelli syndrome (mutations
in Rab27A or effector proteins) (Ménasché et al., 2000) and X-linked non-specific
mental retardation (GDI1 mutations cause reduced binding and recycling of RAB3A)
(D’Adamo et al., 1998). Further, Rab3 and Rab27 have established roles in the
synergistic regulation of synaptic vesicle release in C. elegans (Mahoney et al., 2006).
The strong enrichment of YRab26 in the neuropil, similar to YRab27, suggests
that Rab26 might also be involved in regulating vesicle transport at the synapse.
Therefore, Rab26 is a strong candidate for studies on neurological diseases in humans.
Since RabX4 has no clear mammalian ortholog, a similar function in human brains
is rather unlikely.
4.1.2 Relative Rab expression levels change as cells
differentiate
Stem cells The FLYtRAB database contains three annotated cell types with stem
cell features. These include neuroblasts of the larval brain as well as adult male and
female germline stem cells. Stem cell features are generally maintained during cell
division by the asymmetric distribution of intrinsic cues, e.g. asymmetric localization
of both RNA and proteins in neuroblasts, or by extrinsic cues that are derived from
surrounding cells, e.g. stem cell niches in adult gonads. Neuroblast maintenance
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results from the asymmetric cortical distribution of stem cell fate promoting proteins
(reviewed in Prehoda, 2009), while germline stem cells are maintained by reception,
internalization and processing of protein signals from multiple signaling pathways
(reviewed in Yamashita et al., 2010). While a role of vesicular trafficking in controlling
cortical asymmetry of larval neuroblasts appears rather unlikely (Halbsgut et al.,
2011), germline stem cell maintenance clearly depends on membrane transport. Is
there a common stem cell-specific Rab protein expression profile? Qualitatively, each
kind of stem cell generally expresses a similar set of YRabs. However, comparing
relative YRab expression levels between stem cells and differentiated cells of their
lineage reveals quantitative changes that correlate with cell differentiation. Neuroblast
and female germline stem cells share elevated levels of YRabs 4, 18 and 40. However,
the increased relative expression of these Rabs is not supported by male germline
stem cells. Thus, there is no Rab expression profile that is common to all stem cells,
suggesting that relative differences in Rab protein expression are rather related to
their specialized function.
Stem cell differentiation results in progeny cells with different features and function
and the associated changes in cell shape and morphology are intertwined with a
reorganization of the intracellular membrane transport architecture. Two examples
are differentiating larval neuroblasts and adult germline stem cells.
Differentiating neuroblasts In the larval brain, neuroblasts divide asymmetrically
into one self-renewing daughter cell and one smaller ganglion mother cell that
differentiates into neurons or glia (reviewed in Hartenstein et al., 2008). Neuroblasts
are enriched for YRabs 4, 18, 21 and 40. As neuroblasts differentiate into neurons,
the levels of these Rabs drop, while the levels of YRabs 5, 30 and X4 rise. The
differentiation of neuroblasts into glial cells is concomitant with Rab9 expression.
RAB18 mutations in human, mouse, and zebrafish have been associated with
Warburg micro syndrome, which is characterized i.a. by microcephaly (Bem et al.,
2011; Carpanini et al., 2014). Another recent study establishes a link between a
common polymorphism in the human RAB18 locus and the size of specific brain
regions in healthy adults (Cheng et al., 2014). Since brain size is essentially regulated
by self-renewing neural stem cells giving rise to neurons and glia, it would be
interesting to know whether neural stem cells function normally in patients suffering
from Warburg micro syndrome.
YRab9 expression correlates with differentiation of blood brain barrier glia from
neuroblasts, suggesting that it may have special functions here. In D. melanogaster
larvae, the blood brain barrier glia is a gateway that regulates protein and lipid
86 4.1. Rabs and cell differentiation
exchange between the open circulatory system, termed hemolymph, and neurons
(Brankatschk and Eaton, 2010). Circulating lipoproteins are major carriers of dietary
and endogenously synthesized lipids and lipid-modified proteins in the hemolymph
(Palm et al., 2012). Lipoproteins can cross the plasma membrane of blood brain
barrier glia both in mammals and flies through receptor-mediated transcytosis
(Brankatschk and Eaton, 2010; Dehouck et al., 1997) implying that the membrane
transport plays a crucial role in those cells. The specific expression of YRab9 implies
that membrane transport involves progression of internalized cargo, e.g. lipoproteins,
through the trans-Golgi complex. However, a complete Rab expression profile of
blood brain barrier glia as well as the precise pathway of lipoprotein transcytosis
is unclear so far. The image data set does not allow to separate Rab expression
in blood brain barrier glia from neurons as long as the respective Rab is present
in neurons at similar levels. Thus, it would be beneficial to functionally test the
relevance of Rab-mediated transport using glia-specific knock down approaches in
combination with the ’Drosophila Rab Library’.
Differentiating germline stem cells Adult germline stem cells differentiate into
germline cells that propagate through multiple intermediate cell types to become
fully matured gametes (reviewed in Yamashita et al., 2010). Comparing the Rab
expression profiles of differentiating male and female germline cells reveals, that these
two lineages have three Rabs in common whose protein levels change. This includes
YRabs 9, 19 and 23 that regulate different steps of intracellular trafficking. The
changes in relative proportions of YRabs 9 and 19 are rather anti-correlated during
male and female germ line differentiation.
The only Rab whose expression correlates with differentiation of male and female
germline cells is YRab23. It is elevated as spermatocytes, nurse cells and oocytes
dramatically increase in size. In vertebrates, Rab23 has been implicated as a negative
regulator of Shh signaling by antagonizing its signaling gradient (Eggenschwiler et
al., 2001). In D. melanogaster, Hh signaling activity essentially depends on Smo
stabilization and phosphorylation at the plasma membrane. Plasma membrane
localization is also a prominent feature of YRab23 (see FLYtRAB database). Flies
that are homozygous for a rab23 mutant allele occasionally survive to adulthood but
do not produce any progeny (data not shown). Therefore, Rab23 function might be
relevant for differentiation of germline cell types.
Alternatively, adult sterility can result from disrupted somatic and germline
stem cell homeostasis that is essentially regulated by multiple morphogen signal
transduction pathways (reviewed in Yamashita et al., 2010). YRab23 expression
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differs strongly between somatic hub cells and cap cells that form the male and
female stem cell niche. It is not detectable in hub cells but expressed at high levels
in ovarian cap cells (see FLYtRAB database). Hub and cap cells specifically produce
and secrete Hh ligands that are received and transduced in neighboring somatic cyst
stem cells and follicle stem cells (Amoyel et al., 2013; Forbes et al., 1996b,a; Michel
et al., 2012). Hub cells not only express Hh ligands but also all of its downstream
signal transduction components, including Ptc, Smo and Cubitus interruptus (Ci)
suggesting that Hh signaling in hub cells is active (Amoyel et al., 2013; Michel et
al., 2012). Thus, the inhibitory role of Rab23 in Hh signal transduction might be
the reason for its absence in hub cells in order to allow Hh signaling in these cells.
Ovarian cap cells also secrete Hh but seemingly do not express high levels of its
downstream signaling components such as Ptc or Ci (Forbes et al., 1996b; Rojas-Ríos
et al., 2012). Thus, the inactivity of the Hh signal transduction pathway in these cells
may be caused by high levels of Rab23 expression. To what extend the correlation of
Rab23 expression and Hh signaling is functionally relevant for stem cell maintenance
in ovaries and testes remains to be determined.
4.1.3 Conclusion
The Rab expression profiles of 23 different cell types demonstrate that quantitative
and qualitative differences in Rab protein expression likely account for the specialized
function of differentiated cells. This suggests that reorganization and flexible
deployment of membrane trafficking pathways is a key feature of cell differentiation.
4.2 Rabs and epithelial polarity
In polarized cells, the secretory and endocytic transport machinery has to meet both
the specialized function of the cell and the maintenance of its membrane polarity.
As proteins that control polarity are often similarly deployed in different cell types,
epithelial polarity might depend on a standard polarized membrane trafficking
architecture. Alternatively, the intracellular transport machinery might reflect the
functional specialization of polarized cells or their stage-specific task during tissue
morphogenesis. To address these questions, I compared the polarized localization of
Rabs in neurons to three epithelia with specialized functions (salivary gland cells,
ovarian follicle cells and wing imaginal disc cells).
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4.2.1 Epithelial cells do not share a common Rab protein
architecture
YRabs 19 and 30 are the most consistently polarized Rabs among these cell types.
They localize apically in salivary gland cells and early follicle cells. The identity of
Rab19 and Rab30-positive membrane compartments is not very clear, but two studies
suggest that both Rabs bind effectors that localize to the Golgi apparatus (Sinka et
al., 2008; Gillingham et al., 2014). Remarkably, these two Rabs are also polarized
towards neuronal projections, and polarized transport to axonal and somatodendritic
domains has been suggested to rely on sorting mechanisms similar to the apical
and basolateral membrane of epithelial cells, respectively (Dotti and Simons, 1990).
However, while many different YRabs can assume a polarized localization in neurons
and epithelia at specific developmental stages, there is not a single YRab that is
always apical or basal. Thus, neither polarized cells in general nor epithelia in
particular share a common Rab protein architecture.
4.2.2 Polarized Rab protein architectures correlate with tissue
patterning and functional demands
It rather seems more likely that polarized localization of Rab compartments simply
reflects the specialized function of the cell at a given time. For example, YRabs 4, 5,
7, 11, 19, 30, 39 and X1 are apically localized in early follicle cells in the adult ovary,
but not at later stages. Apical localization of these Rabs correlates with a time of
intense communication between the germline and the overlying follicle cells that is
mediated by Delta/Notch signaling - a pathway whose regulation critically depends
on endocytosis and recycling (Deng et al., 2001; González-Reyes and St Johnston,
1998). This may account for the enrichment of endocytic Rabs 4, 5, 7 and 11 in the
apical regions of these cells. The apical polarization of YRabs 19, 30, 39 and X1
suggests that they could also be involved in communication with germline cells.
In salivary gland cells, YRabs 19 and 30 also polarize towards the apical membrane.
Feeding larvae constitutively produce digestive enzymes. In mid third instar larvae,
salivary glands produce mucin-type ’glue’ proteins that are stored in intracellular
granules (Lehmann and Korge, 1996; Mach et al., 1996). These glue granules
are apically secreted upon a systemic steroid pulse by the late third larval instar
(Biyasheva et al., 2001). Apically localized Rabs might therefore been required for
apical secretion of digestive enzymes or glue granules. Seven Rabs (YRabs 1, 2,
6, 8, 10, 18 and X1) are apically excluded and localize towards the medial/basal
cytoplasm. Their specific morphology is reminiscent of Golgi compartments. This is
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further supported by the established roles of Rabs 1, 2 and 6 in organizing ER/Golgi
trafficking and Rabs 8 and 10 in regulating secretory vesicle formation (see Section
1.1.6). These enlarged Golgi compartments are a specific feature of salivary glands
and AP-1 and clathrin participate in the formation of mucin-type secretory granules
(Burgess et al., 2011; Torres et al., 2014). Therefore, the subcellular localization
profiles of YRabs in salivary glands delineate a set of Rabs that likely engage in
polarized transport of secretory granules.
Wing imaginal disc patterning is regulated by several morphogen systems (Hh, Wg
and Dpp) whose activities essentially rely on the endomembrane system (morphogen
secretion, spreading, reception, and degradation) (reviewed in Erickson, 2011).
The only YRabs that are continuously polarized throughout wing imaginal disc
development are YRabs 5 and X1 that show a bias towards the apical membrane.
YRab8 localizes towards the basolateral and apical membrane in early and late
wing imaginal discs. The apical localization of YRab5 in wing imaginal discs is
in accordance with a very recent publication that utilized another endogenously
gfp-tagged rab5 allele (D’Angelo et al., 2015). Expressing dominant negative versions
of Rab4, Rab5 and Rab8 suggests that these Rabs are required for Hh trafficking in
Hh-producing cells to facilitate its long-range signaling (Callejo et al., 2011; D’Angelo
et al., 2015). According to the authors, Hh is reinternalized after secretion from the
apical membrane by Rab5, and either recycled to the apical membrane through Rab4
or secreted at the basolateral membrane in a Rab8-dependent manner. Although
this model generally reflects the detected localization of Rab5 and Rab8, the role of
Rab proteins for Hh protein transport requires thorough analysis.
The morphogen systems that organize wing imaginal disc development occupy
specific regions in the wing pouch region. Hh proteins for example are secreted from
the posterior cells and internalized by anterior cells after binding to its receptor Ptc,
resulting in the induction of a narrow stripe of dpp expression (reviewed in Schwank
and Basler, 2010). Wingless signaling, in turn, specifies the presumptive wing margin
in response to Notch signaling (Neumann and Cohen, 1997). Unexpectedly, there
is only a single Rab (YRabX6) that shows an obvious difference in its regional
expression levels. This suggests that, with the exception of RabX6, morphogen
signaling in the developing wing probably operates in a field of cells with relatively
homogeneous membrane trafficking capabilities. YRabX6, which is not detectable in
early wing imaginal discs, is expressed at elevated levels in the anterior compartment
and in sensory organ precursor (SOP) cells of late wing imaginal discs (see FLYtRAB
database). SOP cells are specified by the proneural genes achaete and scute (Romani
et al., 1989) in response to Wg signaling along the dorsoventral compartment boundary
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of the posterior compartment and in the distal ring (Phillips and Whittle, 1993).
Notch signaling further refines SOP specification in the proneural cluster by lateral
inhibition and ensures that finally one cell adopts SOP fate (Cubas et al., 1991). To
what extend RabX6-mediated trafficking is involved morphogen signaling and SOP
formation remains to be determined.
4.2.3 Polarized Rab protein architectures correlate with cell
shape transitions
Transient polarization of Rab compartments might be critical for tissues as they
undergo morphogenesis. In later egg chambers of stage 8-9, follicle cells overlying the
oocyte increase in volume and columnarize, during which the area of the basolateral
membrane increases by growth (Kolahi et al., 2009). By this time, the apical Rab
localization of primarily endocytic Rabs present in earlier stages is entirely lost.
Instead, a prominent number of secretory Rabs (YRabs 1, 2, 6, 8 and 10) polarize
towards the basal domain. Thus, increased basal transport of secretory vesicles might
drive the expansion of the basolateral membrane in ovarian follicle cells.
The larval wing imaginal disc is a second example of a tissue that undergoes
cuboidal-to-columnar shape transition resulting in a special kind epithelial topology
termed pseudostratification. In contrast to the follicle epithelium, shape changes in
wing imaginal disc cells do not result from basolateral growth but from Dpp-dependent
apical constriction at almost constant cell volume (Widmann and Dahmann, 2009).
As wing imaginal disc cells pseudostratify, YRabs 1, 2, 4 and 7 become apically
localized in addition to YRabs 5 and X1, including YRab8, which reverses its initial
basal polarity. Rab11 acquires a bipolar distribution during this process. In addition,
pseudostratification also correlates with the emergence of a novel cluster of YRab
compartments located at the level of apical junctions, which I refer to as the apical
hub. The apical hub does not only comprise Rabs that are apically localized but also
Rabs that are otherwise not polarized. This structure coincides with a dense apical
web of microtubules (Eaton et al., 1996) that arises during pseudostratification in
response to Dpp signaling (Shen and Dahmann, 2005; Gibson and Perrimon, 2005).
Although this area of the cell is only a few microns in diameter, over half of the
YRabs expressed in the wing imaginal disc are reproducibly represented here. These
comprise secretory and endocytic Rabs, as well as Rabs of unknown function. Thus,
the apical cytoplasm of wing epithelial cells is a major membrane trafficking hub and
might be critically involved in apical constriction. To answer if the apical hub indeed
correlates with shape transitions, it will be important to discover whether it is a
general feature of other pseudostratified epithelia, such as neural tube and retina.
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4.2.4 Conclusion
The intracellular localization of Rab proteins does not support the idea of a common
architecture among epithelial cells. This suggests that cells rather polarize the
secretory and endocytic membrane trafficking machinery to meet their specialized
function or distinct requirements during morphogenesis.
4.3 Rabs and evolution
4.3.1 Qualitative and quantitative expression of Rab proteins
in D. melanogaster correlates with their evolutionary
conservation across eukaryotes
Evolution of the eukaryotic membrane trafficking machinery has produced a vast
diversity in extant unicellular and multicellular organisms. The putative last
eukaryotic common ancestor (LECA) likely harbored already up to 23 ancient
Rab paralogs (Klöpper et al., 2012; Elias et al., 2012; Diekmann et al., 2011). About
half of these ancient Rabs separate into two main clades representing secretory and
endocytic function (Elias et al., 2012). This indicates that intracellular transport has
differentiated into outwards and inwards-directed routes since the earliest eukaryotes.
Due to a varying frequency of secondary losses, LECA Rabs have been conserved
across eukaryotes to different extend (Klöpper et al., 2012; Elias et al., 2012). With
the emergence of metazoans, the Rab family has undergone a tremendous expansion
suggesting an increased number of cellular compartments and a wider range of
trafficking routes.
The D. melanogaster genome encodes an almost equal number of 15 LECA and 14
metazoan Rabs. Qualitative and quantitative differences in Rab protein expression
profiles across D. melanogaster tissues reveal an amazing correlation with their
evolutionary conservation across eukaryotes. Conserved LECA Rabs are ubiquitously
expressed throughout the 23 annotated cell types, while Rabs that are more frequently
lost from eukaryotes and those that arose with metazoans are rather cell type-specific.
The indispensable deployment of conserved LECA Rabs suggests that they regulate
general membrane transport pathways required in all cells. The rather restricted
expression of less conserved LECA and metazoan Rabs might represent special
transport routes that facilitate cell type-specific functions. Further, highly conserved
LECA Rabs, such as YRabs 1, 7 and 11, are generally present at highest levels.
Assuming that Rab expression levels correlate with cargo transport capacity of the
respective compartment, highly conserved LECA Rabs are key organizer of the
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main secretory (Rab1) and endocytic (Rabs 7 and 11) transport routes. Trafficking
pathways that parallelize, branch from or feed into the main routes might be regulated
by less conserved LECA and metazoan Rabs.
The correlation of Rab expression profiles and Rab conservation across eukaryotes
emphasizes the role of D. melanogaster as a valuable model organism to unravel
conserved mechanisms of intracellular membrane trafficking pathways.
4.3.2 Rab architectures in epithelial cells reflect the need for
diverse transport machineries
Unicellular eukaryotes, such as yeast, demonstrate that the expression of a few Rabs
suffices the regulation of secretory and endocytic membrane trafficking pathways
(Pereira-Leal, 2008). In multicellular organisms, however, the corporation of functionally
specialized cells essentially requires spatially and temporally adjusted communication
between cells to organize growth and differentiation. Epithelial cells send and
specifically respond to a plethora of extracellular signals, including growth factors
(e.g. Epidermal growth factor (EGF), Transforming growth factor beta (TGFb))
and cell fate determinants (e.g. Hh, Delta, Wingless/Int-1 (Wnt)), suggesting
that cell-cell signaling and intracellular protein sorting are highly interconnected.
Diversified secretory routes allow directed transport of receptor proteins (e.g. EGF
receptor (EGFR)) to specific membrane domains. Upon ligand binding, the endocytic
system integrates various receptor-mediated signaling pathways (e.g. EGF/EGFR,
TGFb/TGFbR, Hh/Ptc, Delta/Notch, Wnt/Frizzled) resulting in a coordinated
response to cell type specific metabolic and physiological demands (reviewed in
Platta and Stenmark, 2011; Cao et al., 2012).
Epithelia and neurons are highly specialized cell types that uniquely emerged at the
root of metazoans. The concomitant expansion of the Rab protein family indicates
an increased membrane transport complexity compared to unicellular eukaryotes.
The most consistently polarized Rabs are YRabs 19 and 30. Both Rabs arose from
gene duplications in metazoans, but the ability to polarize is generally not limited to
metazoan Rabs. Almost all LECA and metazoan Rabs are distributed in a polarized
way at least in some cell types. The only widely expressed Rabs that never appear in
a polarized way are YRab21 (present in the LECA but often lost), and YRabs 9 and
40 (both evolved in metazoans). This suggests that metazoan Rab family expansion
simply increased the pool of Rabs that were used to generate a polarized membrane
trafficking architecture.
Thus, LECA and metazoan Rabs can be polarized in a flexible way, e.g. to
achieve tissue patterning or to meet increased transport demands as epithelial cells
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columnarize. In addition, deploying a diverse interconnected transport machinery
might also increase the fidelity and robustness of cargo trafficking due to functional
redundancy of transport pathways. This implies that perturbations in certain
transport steps can be compensated by functionally related routes - a mechanism
that challenges the analysis of Rab protein function.
4.3.3 Multiple evolutionary mechanisms likely triggered the
expansion of metazoan Rab proteins
Gene duplication is a basic evolutionary mechanism that contributes to an increase
in gene number and greater functional variety. Many hypothetical models attempt to
explain the evolutionary preservation of novel gene functions. Two widely accepted
models postulate that, after duplication, genes with identical function can only be
fixed in a population as long as the duplicate does not confer any selective advantage
or a disadvantage, i.e. it is neutral. The redundant genes then rapidly pseudogenize
or get lost due to neutral loss-of-function mutations. Occasionally, the duplicate
however acquires mutations that underlie a positive selection pressure eventually
leading to novel beneficial functions (neo-functionalization). Alternatively, redundant
genes might underlie degenerative mutations that subdivide functions that were
originally present in the ancestral protein (sub-functionalization) (reviewed in Innan
and Kondrashov, 2010).
Evolution by neo-functionalization implies that each ancient Rab has preserved its
specific cell type expression, while the duplicate became dispersedly expressed. In
contrast, the sub-functionalization model predicts that the expression patterns of
both the ancient and its derived Rab are indistinguishable.
The tendency that LECA Rabs are more ubiquitously expressed in D. melanogaster
tissues and that metazoan Rabs are rather present in a cell type-specific manner
generally supports the model of Rab evolution by neo-functionalization. This is
in accordance with another study that investigated the cell type-specificity in Rab
expression across various mouse tissues and cell lines (Diekmann et al., 2011).
Analyzing Rab expression profiles from D. melanogaster tissues in more detail
reveals some interesting exceptions from this model. The transition from unicellular
eukaryotes to metazoans gave rise to novel, mainly secretory, Rabs (Klöpper et al.,
2012). The secretory group of Rabs that are expressed in D. melanogaster consists
of three ’founding’ LECA Rabs and their metazoan derivatives that emerged by
duplication (listed in brackets): Rab1 (Rabs 35, 19, 30, X6), Rab8 (Rabs 10, 3, 26,
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27, X4 ) and Rab18 (Rab40)2. In addition to the three LECA Rabs, precisely one
metazoan Rab of each subfamily, i.e. Rabs 35, 10 and 40, is also ubiquitously present
in all 23 annotated D. melanogaster cell types, while the remaining Rabs are more
dispersedly expressed. This suggests that the selective pressure on novel metazoan
Rabs is not uniform.
Among the metazoan Rabs that are more dispersedly expressed, two subfamilies
show extremely similar patterns of cell type-specific expression, and even subcellular
localization. This is very interesting since it points into the direction that some Rabs
seemingly also evolve by sub-functionalization. One group comprises the highly cell
type-specifically expressed metazoan Rabs 3, 26, 27 and X4 that share the feature of
being present in neurons. These four Rabs together diverged from the LECA Rab8
that is involved in vesicle transport from the Golgi to the plasma membrane. Indeed,
Rabs 3 and 27 synergistically engage in vesicle release at the synapse (Mahoney
et al., 2006) and their double knock down in neurons that trigger insulin release
results in disrupted systemic insulin signaling (Brankatschk et al., 2014). The other
group consists of the more broadly expressed metazoan YRabs 19 and 30 that both
diverged from the LECA Rab1. The function of both Rabs is completely unknown,
their polarized localization in neurons, salivary glands and early follicle cells suggests
a role in apical or axonal secretion.
These data imply that, although phylogenetically closely related Rab proteins of
each subfamily diverged from their respective ’founding’ LECA Rab over 600 million
years ago at the root of the metazoan lineage, a strong selection pressure must
have acted on some of them to preserve their corporate expression and subcellular
localization.
4.3.4 Similar Rab cell type expression and subcellular
localization likely predicts functional interdependence
A possible explanation to account for corporate cell type expression and subcellular
localization is that membrane trafficking pathways evolve by branching. When a
Rab is duplicated, both Rabs likely remain recruited to the same compartment by
the same effector proteins and eventually become fixed in a population. Due to
positive selection pressure, one duplicate may acquire the ability to recruit a new
Rab effector that eventually specifies an alternative branch for cargo passing through
2RabX5 might be an ancient Rab34 ortholog [Marek Eliáš, personal communication]. According
to Klöpper et al. (2012) Rab34 is not a LECA Rab but diverged from Rab8 at the root of
metazoans. As I decided to consider it as an ancient LECA Rab that is often lost in accordance
with Elias et al. (2012), it is neglected here.
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the original compartment. If the novel Rab still shares at least one Rab effector with
the ancient Rab (sub-functionalization), the Rab specifying the derivative branch
might not function without the Rab that specified the original branch, explaining
the requirement for corporate expression.
A group of frequently lost LECA (Rab23) and metazoan Rabs (Rabs 9 and 35)
share a striking cortical localization in many cell types where they are expressed.
While YRabs 23 and 35 are cortically localized in virtually every annotated cell type,
YRab9 is only cortical in fat body cells and female germline stem cells. Cortical
localization indicates endocytic Rab activity at the plasma membrane, as supported
by the finding that Rab23 regulates cortical Smo levels in the cilium of MDCK cells
(Boehlke et al., 2010). Thus, the occasional cortical localization of Rab9, which is
thought to shuttle between late endosomes and the trans-Golgi apparatus (Lombardi
et al., 1993), is astonishing and opens a completely new view on Rab deployment in
different cell types.
Although Rab23 is conserved since the LECA (albeit frequently lost), is mainly
present in epithelial tissues, while the metazoan Rab35 is ubiquitously expressed.
Their corporate subcellular localization in wing discs suggests functional redundancy
(see FLYtRAB database). The wing-specific knock down of YRabs 23 and 35 reveals
that the function of both Rabs is indeed interdependent. The simultaneous loss of
both YRabs results in an abnormal wing vein pattern that cannot be observed by
the depletion of each individual YRab.
In contrast to evolutionary closely related Rabs 19 and 30 that similarly localize in
all cell types where they are expressed (indicating sub-functionalization), distantly
related Rabs 23 and 35 obviously underlie a different selection pressure that preserves
their corporate expression only in certain cell types such as the developing wing. A
possible explanation that would account for their corporate expression could be that
metazoan Rab35 adopted the ability to recruit similar Rab effectors like the ancient
LECA Rab23. The resulting duplication of transport function might have then been
resolved by eliminating Rab23 from certain cell types where it became dispensable.
However, in other cell types such as the wing epithelium, the interdependent function
of both Rabs is still essentially required for normal tissue development.
4.3.5 Conclusion
These data imply that qualitative and quantitative modulation of Rab protein
expression facilitated the flexible deployment of Rabs during evolution of eukaryotes
and an expanded Rab family in metazoans might have triggered cell differentiation
and functional specialization, resulting in neurons and epithelial cell types.
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4.4 Utility and limitation of the ’Drosophila Rab
Library’
4.4.1 Conventional Rab expression systems can cause
unphysiological protein levels
In D. melanogaster, subcellular localization and function of fluorescently tagged
proteins have been conventionally studied using powerful expression tools, such
as the inducible UAS/GAL4 system (Brand and Perrimon, 1993). This binary
system facilitates temporally and spatially-controlled expression of any transgene
of interest harboring an upstream activating sequence (UAS) through a plethora
of GAL4 driver lines in which the yeast transcription factor GAL4 is essentially
regulated by a distinct enhancer element. A collection of transgenic flies harboring
fluorescently labeled rab alleles in its wild type, dominant negative (GTP-binding
defective) and constitutively active (GTPase defective) configuration (Zhang et al.,
2007) facilitates analysis of subcellular Rab localization and its function. However,
the expression of these UAS-YFP-Rab proteins is controlled by GAL4 driver lines
and does commonly not reflect its endogenous cell type expression. Furthermore,
unphysiological expression levels of UAS-YFP-Rab proteins likely alter membrane
transport kinetics and disturb the appearance and function of relevant membrane
compartments (Mottola et al., 2010).
Thus, the ’UAS-YFP-Rab collection’ has been complemented with ’Rab-GAL4
drivers’ that comprise transgenic bacterial artificial chromosomes (BACs) in which a
distinct rab-coding region was replaced by GAL4 (Chan et al., 2011). Combining
theses two collections to express UAS-YFP-Rab proteins through their endogenous
regulatory elements aimed to minimize ectopic UAS-YFP-Rab expression. However,
the insertion of the ’Rab-GAL4 drivers’ into a nonnative genomic environment as
well as the presence of the endogenous rab allele in the genetic background remains
a limitation.
4.4.2 Endogenous tagging is superior to analyze Rab protein
expression in vivo
Tagging genes at their endogenous loci with fluorescent reporters, such as yfp, is the
current state-of-the-art to examine their in vivo expression (reviewed in Yu et al.,
2014). For example, a gfp-tagged rab5 knock-in allele has been recently generated
by ends-out homologous recombination to study Rab5 dynamics during epithelial
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morphogenesis in D. melanogaster embryos (Fabrowski et al., 2013). The ’Drosophila
Rab Library’ is the first comprehensive resource in which a complete protein family
of a model organism is tagged in vivo. In contrast to the expression of UAS-YFP-Rab
proteins, the whole cellular pool of a distinct protein is tagged with the fluorescent
reporter facilitating its in vivo analysis. While the gfp-tagged rab5 allele, generated
by Fabrowski et al. (2013), is homozygous lethal, all fly lines harboring Yrab alleles,
except YrabX5, give rise to homozygous adults that do not display any obvious
developmental defect. For a subset of YRabs the correct intracellular localization
was verified by costaining with endogenous antibodies. However, the lethality of flies
that are homozygous for YrabX5 emphasizes that interference of the YFPMyc tag
with cargo transport kinetics cannot be completely ruled out.
Biochemical and immunohistochemical studies The common YFPMyc tag can
be utilized for complementary biochemical and immunohistochemical assays to
analyze Rab protein expression at endogenous levels. With the exception of YRabs
19, 30 and 32 that are not detectable by immunofluorescence in fat body cells, both
methods reveal consistent qualitative differences in YRab protein expression between
the examined cell types. Regarding the detection sensitivity, quantitative Western
blots are superior to immunohistochemistry but are limited to tissues that comprise
mainly a single type of cells, such as larval fat body, wing disc and salivary gland.
The sensitivity of qWestern is demonstrated by the detection of YRab23 at low levels
in salivary glands, which do not express YRab23 in gland cells but in duct cells and
imaginal cells. The same is true for YRab32 that is only detectable at low levels in fat
body cells by qWestern although it is not above background by immunofluorescence.
Immunofluorescence, in turn, facilitates the detection of relative differences of Rab
protein expression in tissues with diverse cell types, such as larval brains and adult
gonads, and the illumination of subcellular Rab protein localization. The greatly
divergent cell type expression and subcellular localization of tagged Rab proteins
between Chan et al. (2011) and this study are likely a consequence from limitations
of the conventional UAS-YFP-Rab expression system. Importantly, YRab cell type
expression and its subcellular localization require careful thoughts since all detected
YRabs represent a pool of cytoplasmic (GDI-bound), membrane associated active
(GTP-bound) and inactive (GDP-bound) Rab proteins. Thus, it is challenging to
distinguish, for example, a Rab that is present on small endosomal vesicles from the
diffuse cytoplasmic staining that originates from GDI-bound cytoplasmic Rabs. In
most cases YRabs additionally localize to larger structures above the resolution limit
of light microscopy and are considered to be in its active conformation.
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Functional approaches The common YFPMyc tag further renders yrab alleles
susceptible to various genetic interference tools available for D. melanogaster. These
tools directly target the YFP reporter and degrade fusion proteins at mRNA
(gfpRNAi ; Neumüller et al., 2012) or protein (deGradFP; Caussinus et al., 2012) levels.
Their efficient knock down and the concomitant generation of mutant phenotypes has
been demonstrated in this study. The possibility to control for common off-target
effects (Mohr et al., 2010) by expressing knock down tools in the background of no
YFP-tagged target, is a great advantage of tag-based knock down strategies over
conventional gene-specific RNAi approaches that target the endogenous locus. The
knock down efficiency of YFP-tagged proteins can further be easily monitored by
biochemical and immunohistochemical approaches as described above.
This is exemplified by a recent study that reports on a large-scale RNAi screen to
identify genes that are required for germline stem cell self-renewal in D. melanogaster
(Yan et al., 2014). Using germline-specific RNAi, the authors targeted a total of 3491
genes, including all Rabs except Rab19 and Rab32, and scored for oogenesis defects.
The screen reveals 366 genes that cause a phenotype upon depletion. Among those
hits are many genes, e.g. bam, with known function in gemline stem cell maintenance.
However, none of the candidate genes encode for Rab proteins. This is surprising
given that rab11 germline stem cell clones cause strongly reduced cell viability and
germline differentiation defects (Bogard et al., 2007). This ambiguity might be a
result of incomplete mRNA knock down or miss targeting of the siRNA directed
against rab11. Thus, the knock down of YFP-tagged proteins will be favored as soon
as complete collections become available.
Alternatively, the exclusion of Rabs from the set of proteins that are required
for stem cell self-renewal can be accounted for by their functional redundancy, as
exemplified by the redundant role of Rabs 23 and 35 for wing vein morphogenesis.
In line with that assumption, individual depletion of Ypt31 and Ypt32 (the S.
cerevisiae orthologs of Rab11) is phenotypically neutral, but their simultaneous
loss is lethal (Benli et al., 1996). Similarly, loss of Ypt51 and Ypt52 (the yeast
orthologs of Rab5) together results in an increased growth defect compared to single
mutants (Singer-Krüger et al., 1994). Utilizing the ’Drosophila Rab Library’ to
deplete multiple YRabs simultaneously is generally not limited, but genetically more
challenging than the conventional gene-specific RNAi approaches. This is because it
likely requires multiple recombination rounds to generate the desired combination of
multiple YRabs in the genetic background of required knock down tools.
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4.4.3 Conclusion
Tagging Rab proteins at their endogenous loci appears less invasive than conventional
expression tools, suggesting that in vivo expression levels and subcellular localization
of YRab proteins are minimally affected. It further facilitates various approaches to
interfere with gene function and allows profound verification of knock down specificity
and efficiency.

5 Perspective
For the first time, this study gives insights into cell type expression and subcellular
localization of the entire D. melanogaster Rab protein family in vivo. The combination
of biochemical and image data is an important first step towards a comprehensive
map of membrane transport pathways in a complex model organism but many
obvious questions remain to be followed up in detail.
i) What is the identity of each characterized Rab compartment? To address this
question, I envision YRab colocalization screens with a wide spectrum of commonly
known molecular marker proteins of the secretory and endosomal system. Comparing
Rab compartment identity between different cell types will also reveal whether cells
flexibly localize Rabs to different membrane domains or, alternatively, reorganize
complete endomembrane compartment architectures to meet their specialized function.
ii) Which Rabs localize to the same endomembrane compartment? It is commonly
accepted that multiple Rabs can form domains on endomembrane compartments
resulting in a specific ’Rab code’. The analysis of subcellular Rab protein localization
already suggests some Rabs to be present on the same structures. To carefully
map the Rab complement that specifies each endomembrane compartment, the
’Drosophila Rab Library’ comprises an additional set of endogenously cfpha-tagged
rab alleles that can be used for colocalization studies in combination with YRabs
described here. Membrane separation in combination with affinity chromatography
and protein mass spectrometry of YRabs further advances the identification of Rab
proteins that reside on the same endomembrane compartment.
iii) How do Rab effectors interpret the ’Rab code’ of endomembrane compartment?
Rab proteins confer compartment identity but their activity is essentially regulated
by a plethora of effector proteins. Rab profiling completely lacks this layer of
complexity and limits the interpretative power of this work. Thus, identification of
interacting Rab effectors and their deployment in functionally specialized cells will be
key to decipher the role of membrane transport for cell differentiation. Advances in
high-resolution microscopy and image analysis will facilitate the precise measurement
of YRab kinetics, membrane density and cargo capacity - experiments that essentially
require elaborate in vivo imaging of tissues in culture.
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iv) Novel functional approaches will be essentially required to test predictions from
colocalization screens. Combining the expanding genetic toolbox of D. melanogaster
expression systems with the ’Drosophila Rab Library’ broadly facilitates the analysis
of Rab protein function. Following up the systematic analysis of Rab cell type
expression and subcellular localization, I already generated a comprehensive set
of fly lines that harbor tag-specific knock down tools in the genetic background
of each YRab. However, due to functional redundancy of transport routes, the
whole membrane trafficking system of eukaryotes is, by experience, amazingly robust
against perturbation. Thus, in most cases it will not be sufficient to deplete the
function of a single D. melanogaster Rab proteins in order to block specific transport
routes. Instead, the most interesting results will emerge from combinatorial depletion
experiments.
Another very promising approach that would complement the traditional knock
down experiments is the re-targeting of YRabs to ectopic positions in a cell through
the local expression of YFP-binding proteins. This kind of experiment will answer
the question if cell polarity can revert upon repolarization of membrane transport
components.
In the future, combining functional interference approaches with simultaneous
profiling of changes in localization of Rabs, its effectors, and other membrane transport
regulators will reveal a comprehensive map of intracellular membrane transport.
6 Experimental procedures
6.1 Fly stocks and staging
Fly stocks and husbandry For all experiments, flies were raised on standard food
under 12h light/12h dark cycle. For Rab profiling using homozygous YFPMyc-tagged
lines, embryo collections and stagings were performed at 25°C; for knock down
experiments, flies were raised at 29°C.
Wild- type Oregon-R, nubbin-Gal4 (Bloomington#42699; see Fig.3.20), alpha
Tub84B-Gal80ts (Bloomington#7019; see Fig.3.20) and UAS-gfpRNAi (Bloomington
#9331; see Fig.3.19 and Bloomington#41559; see Fig.3.20) flies are available from
the Bloomington Stock Center. UAS-deGradFP (Bloomington#38422; see Fig.3.19)
flies were kindly provided by the Affolter Lab. engrailed(105)-Gal4 (see Fig.3.19)
flies were kindly provided by the Dahmann Lab. rab235-SZ-3123 (DGRC#125902; see
Fig.3.19) flies are available through the Drosophila Genetic Resource Center.
Staging Fertilized eggs for larval tissue dissections were collected by adding adult
flies to fresh food for 8 hours. Larvae were staged according to time after egg
collection and larval anatomy. Adult flies used for dissection of gonads were fed on
yeast paste for 24h. Larval stages and age of adult flies used for YRab profiling
experiments are indicated in Tab.6.1.
Wing
imaginal
disc
Fat body Salivary
gland
Brain Ovary
Testis
Fig.
qWestern - I
qRT-PCR
110-120h 3.3
qWestern - II 120-140h 110-120h 120-140h 3.4
Immuno-
histochemistry
68-72h +
110-120h
72-80h 72-80h 44-48h Adult
3-5 days
3.10 -
3.16
Table 6.1: Larval stages used for quantitative Western blot, RT-PCR, and
immunohistochemistry. Time indicates dissected larval stages covering second (~48h), early
third (~72h) and late third (~120h) instar (in hours after egg laying) and age of dissected adult
flies. The last column refers to the respective figures showing the results of each experiment.
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6.2 Quantitative Western blotting
Protein standard purification eyfp-4xmyc cDNA used to tag rab loci was cloned
into pETM-11 via NcoI and XhoI, expressed in E. coli (BL21) and purified using
the Ni-NTA Purification System (Life Technologies). The resultant recombinant
eYFP-4xMyc-6xHis protein, referred to as YFPMyc, served as a standard for YRab
protein quantification. The concentration of the YFPMycstandard is roughly 500ng/µl
as estimated through NanoDrop Spectrophotometer (Thermo Scientific), Pierce BCA
Protein Assay Kit (Thermo Scientific), Coomassie (SimplyBlue SafeStain, Life
Technologies) and Ponceau S (Sigma-Aldrich) staining.
Protein sample preparation Larval wing imaginal discs, fat bodies and salivary
glands were dissected in phosphate buffered saline (PBS) on ice, transferred to
squishing buffer (50mM Tris, 150mM NaCl, 0.1% (w/v) SDS, 1% (w/v) Sodium
deoxycholate, 1% (v/v) Triton X-100, 1% (v/v) NP-40), shock frozen with liquid
nitrogen and stored at -80°C.
Protein measurement Collected tissues were homogenized in squishing buffer
using a BioVortexer with polypropylene pestles and suspected to 3x freeze-thaw cycles
to break cells. Proteins were methanol-chloroform-water (4:1:3 Vol.) precipitated
according to (Wessel and Flügge, 1984) and resuspended in 8M urea. Total protein
concentration of tissue extracts was measured using Pierce BCA Protein Assay Kit
(Thermo Scientific) according to manufacturer’s protocol.
Western blotting and detection Gel electrophoreses was essentially performed
according to Laemmli (1970). Briefly, protein samples were denatured in Lämmli
buffer at 96°C for 5min. Equal amounts of protein lysates were applied on each
lane, along with a YFPMycstandard triplet of defined concentrations. Samples were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
on 15% gels at 150V for 2-3h along with a SeeBlue Plus2 Pre-Stained Standard (Life
Technologies). After protein transfer (150V, 2h), Protran Nitrocellulose Membranes
(Sigma-Aldrich) were blocked with 0.1% (v/v) Tween-20 and 5% (w/v) dry milk
in PBS over night at 4°C and incubated with primary and horseradish peroxidase
(HRP)-conjugated secondary antibodies in blocking solution at room temperature.
Protein bands were detected with Amersham ECL Western Blotting Detection
Reagent and Amersham Hyperfilms (both GE Healthcare). To constitutively
probe each membrane for multiple proteins, HRP of previous protein detection
was inactivated with 0.1% (w/v) sodium azide in PBS.
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Antibodies Primary antibodies: anti-Myc (rabbit, 1:5000, Gramsch Laboratories),
anti-Fas1 (mouse, 1:2000, F5H7, gift from Michael Hortsch1), anti-DE-Cad (goat,
1:100, dP-20, Santa Cruz Biotechnology), anti-ApoLII (rabbit, 1:1000, (Panáková
et al., 2005)) and anti-a-tubulin (mouse, 1:3000, Sigma-Aldrich). HRP-conjugated
secondary antibodies: anti-rabbit HRP (1:5000, Santa Cruz Biotechnology), anti-mouse
HRP (1:5000, Dianova) and anti-goat HRP (1:5000, Millipore).
Quantification Band intensities of YRabs, YFPMyc standard triplets and internal
control bands were measured using a Fiji plugin. To estimate the amount of YRab
proteins from total protein extracts, intensity values of YRab bands were correlated
with three different concentrations of the YFPMyc standard and normalized to internal
controls (Fas1/DE-Cad for wing imaginal discs and salivary glands or ApoLII/a-tub
for fat bodies) .
6.3 Quantitative RT-PCR
RNA sample preparation Larval wing imaginal discs were dissected in PBS
on ice, shock frozen with liquid nitrogen and stored at -80°C. Total RNA was
extracted using RNeasy Lipid Tissue Mini Kit (Quiagen) according to manufacturer’s
protocol. Collected RNA samples were incubated with DNaseI for 45min at 37°C
and purified again. RNA samples were reverse transcribed using SuperScript VILO
cDNA Synthesis Kit (Life Technologies) according to manufacturer’s protocol.
qRT-PCR Quantitative real-time RT-PCR was performed using ABsolute QPCR
SYBR Green Mix Plus ROX (Thermo Scientific) with 3ng of cDNA. Protocols used
like recommended by manufacturer. The following yfp primer pair was used to
quantify Yrab mRNA amounts: cacatgaagcagcacgactt and ccgtcgtccttgaagaagat.
Ribosomal rp49 mRNA was used as an internal reference. Efficiency optimized
qRT-PCR primers binding to yfp and rp49 were provided by Marko Brankatschk
and Jonathan Rodenfels. mRNA amounts were calculated using the 2- CT method
according to (Livak and Schmittgen, 2001).
6.4 Immunohistochemistry
Tissue sample preparation Larval brains, salivary glands and wing imaginal discs
were dissected in PBS (brains, salivary glands) or Grace’s insect medium (wing
1Anti-Fas1 is also available through DSHB but seems not to work for Western blotting anymore.
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imaginal disc) on ice. To facilitate high throughput microscopy, larval tissues were
placed on a heptane glue (supernatant from 3m of crumpled-up tape in 200ml of
heptane for 3h on a shaking platform) coated glass slide that was covered with the
respective dissection medium. Larval fat bodies were dissected in Grace’s insect
medium at room temperature. Ovaries and testes from adult flies that fed for one day
on yeast paste were dissected in PBS at room temperature. Larval and adult tissues
from wild type Oregon-R and YRab fly lines were processed in parallel under the
same conditions. Adult flies that carry the YrabX5 allele are not homozygous viable.
Thus, adult tissues (gonads) were dissected from heterozygous flies. Homozygous
larvae exist and were used for immunohistochemistry of larval tissues.
Staining and detection Immunohistochemical procedures were adapted from
Mahaffey and Kaufman (1987); Pattatucci and Kaufman (1991). Briefly, larval tissue
samples were fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 20min on
heptane glue coated glass slides (larval brains, salivary glands and wing imaginal discs)
or for 30min in reaction tubes (fat bodies) at room temperature, then permeabilized
with 0.1% (v/v) Triton X-100 in PBS (PBX), blocked with 10 % (v/v) normal goat
serum (NGS) in PBX for at least 1h at room temperature and incubated with primary
antibodies in blocking solution over night at 4°C. Larval tissue samples were washed
in PBX, and stained for 4h with secondary antibodies/dyes in blocking solution at
room temperature. Adult ovaries and testes were fixed with 4% (v/v) formaldehyde
in PBS for 30min at room temperature, permeabilized with 0.1% (v/v) Tween-20 in
PBS, extracted in 1% (v/v) Tween-20 in PBS for 45min, blocked with 0.5% (w/v)
normal horse serum (NHS) 0.3% (v/v) Tween-20 in PBS for 1h at room temperature
and stained with primary (3 days) and secondary (3h) antibodies/dyes on a rotating
wheel at room temperature. All samples were mounted in VECTASHIELD mounting
medium (Vector Labs).
Antibodies Primary antibodies: anti-GFP (rabbit, 1:1000, Life Technologies),
anti-HRP-Cy5 (1:500, Dianova), anti-Elav (rat, 1:2500, DSHB), anti-Dlg (mouse,
1:250, DSHB), anti-Crb2.8 (rat, 1:2500, gift from E. Knust), anti-Rab11 (rabbit,
1:2500, gift from E. Knust) and anti-Lva (rabbit, 1:2500, gift from E. Knust).
Secondary antibodies: anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 555,
anti-mouse Alexa Fluor 555, anti-mouse Alexa Fluor 647 and anti-rat Alexa Fluor
555 (all 1:1000 (larval tissues) and 1:250 (adult tissues), Life Technologies). Dyes:
Phalloidin-555 (1:200, Roche) and DAPI (1:50000, Roche)
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6.5 Microscopy, image processing, and CATMAID
viewer
Image acquisition Confocal stacks of larval and adult tissue samples were acquired
using an Olympus UPlanSApochromat 60x 1.35 Oil objective on an Olympus
Fluoview 1000 confocal microscope with a controllable stage that allows tiling
and independent acquisition of predefined positions. For all tissues, except larval
fat bodies, three-dimensional arrays of confocal stacks were recorded to cover the
complete tissue at high resolution. Larval and adult tissues from wild type Oregon-R
and YRab fly lines were recorded in parallel under the same imaging conditions.
Stitching, image data conversion and CATMAID viewer Confocal image data
tiles were evaluated and stitched using a Fiji plugin according to (Preibisch et al.,
2009) on a high-performance server (128GB RAM, 16 CPU cores (4x AMD Opteron
8380 Quad-Core) each 2.5GHz). Detailed information on the Fiji stitching plugin is
available at http://fiji.sc/wiki/index.php/Image_Stitching. After stitching,
three-dimensional multi-channel image stacks (.tif) were converted to mosaics of
512x512 pixel wide tiles (.jpg) to facilitate its analysis. Tiles from composite and
each individual channel reside on a web server that is accessible through CATMAID
(Collaborative annotation toolkit for massive amounts of image data) according
to (Saalfeld et al., 2009). Similarly to Google Maps, CATMAID registers these
image tiles according to the selected combination of zoom level, z-dimension and
channel view to display virtually stitched tissue mosaics in a conventional online
browser. Detailed documentation on how to prepare the image data sets and how to
administrate and use CATMAID can be found at http://catmaid.org/index.html.
6.6 Annotation and FLYtRAB database
CATMAID image data sets were manually annotated using a defined terminology
describing cell type expression, morphology and subcellular localization of individual
YRabs for each tissue. The default annotation trees for each tissue can be found in
the appendix (see Section 7.2). The whole image data set and all CATMAID ontology
tools will soon be available through CATMAID. Currently, the annotated image
data are accessible through the FLYtRAB (Functional YFP-tagged Rab) database at
http://rablibrary.mpi-cbg.de. The FLYtRAB database also links to a tutorial
describing navigation in CATMAID viewer and FLYtRAB database.
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6.7 Clustering
The expression and subcellular localization of each YRab is characterized by one or
multiple annotation features that are represented in a binary matrix, which is available
through CATMAID ontology tools and the FLYtRAB database. The CATMAID
clustering feature utilizes this binary matrix to perform hierarchical clustering of
YRabs according to specific chosen annotation features. The Jaccard clustering
metric was used to compute similarity coefficients. Rooted trees (dendrograms) were
generated according to similarity coefficients based on UPGMA (Unweighted pair
group method with arithmetic mean) linkage. The resultant CATMAID dendrogram
was confirmed with Past 3.01 for Mac (http://folk.uio.no/ohammer/past/) using
the same clustering parameters as described above. The annotation features used for
each hierarchical clustering can be found in the appendix (see Section 7.2).
6.8 Hair polarity algorithm
Hair polarity patterns in adult wings were quantified using an autocorrelation-based
algorithm according to (Merkel et al., 2014).
7 Contributions & Publications
7.1 Contributions
The dissection and staining of D. melanogaster tissues, collection of imaging data,
image processing and generation of online tools for data access described in this thesis
was conducted in collaboration with Dr. Marko Brankatschk, Dr. Andreas Sagner,
Stephanie Spannl and Tom Kazimiers in the group of Suzanne Eaton, Ph.D. as well
as Dr. Helena Jambor and Felix von Zadow in the group of Pavel Tomancak, Ph.D.
at the Max Planck Institute of Molecular Cell Biology and Genetics in Dresden.
7.2 Publications
Brankatschk M, Dunst S, Nemetschke L, Eaton S (2014) Delivery of circulating
lipoproteins to specific neurons in the drosophila brain regulates systemic insulin
signaling. Elife 3.
Dunst S, Kazimiers T, von Zadow F, Jambor H, Sagner A, Brankatschk B, Mahmoud
A, Spannl S, Tomancak P, Eaton S, Brankatschk M (2015) Endogenously tagged Rab
proteins: a resource to study membrane trafficking in Drosophila. DevCell, accepted.
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YRab expression in larval brains
Figure 7.1: Expression of YRabs 1-18 instar larval brains. Confocal sections from second
instar larval brain lobes at medial positions (see Fig.3.13A). Larval brains from wild type (top left)
and homozygous Yrab1-18 larvae stained with an antibody against YFP (green, left and grey,
right panel) to visualize YRabs. DAPI stains nuclei (blue, left panel). Anterior, up; posterior,
down. Scale bar = 10µm.
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Figure 7.2: Expression of YRabs 19-X6 in second instar larval brains. Confocal sections
from second instar larval brain lobes at medial positions (see Fig.3.13A). Larval brains from
homozygous Yrab19-X6 larvae stained with an antibody against YFP (green, left and grey, right
panel) to visualize YRabs. DAPI stains nuclei (blue, left panel). Anterior, up; posterior, down.
Scale bar = 10µm.
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YRab expression in larval salivary glands
Figure 7.3: Expression of YRabs 1-6 in early third instar larval salivary glands. Confocal
sections from two different positions of early third instar larval salivary glands (see boxed regions
in Fig.3.14A). Larval salivary glands from wild type (top left) and homozygous Yrab1-6 larvae
stained with an antibody against YFP (green, left and grey, right panel) to visualize YRabs.
Crumbs (Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell
outlines (white, left panel). DAPI stains nuclei (blue, left panel). Anterior, left; posterior, right.
Scale bar = 10µm.
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Figure 7.4: Expression of YRabs 7-18 in early third instar larval salivary glands. Confocal
sections from two different positions of early third instar larval salivary glands (see boxed regions
in Fig.3.14A). Larval salivary glands from homozygous Yrab7-18 larvae stained with an antibody
against YFP (green, left and grey, right panel) to visualize YRabs. Crumbs (Crb) marks the
apical membrane (magenta, left panel). Discs large (Dlg) labels cell outlines (white, left panel).
DAPI stains nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Figure 7.5: Expression of YRabs 19-32 in early third instar larval salivary glands.
Confocal sections from two different positions of early third instar larval salivary glands (see
boxed regions in Fig.3.14A). Larval salivary glands from homozygous Yrab19-32 larvae stained
with an antibody against YFP (green, left and grey, right panel) to visualize YRabs. Crumbs
(Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell outlines
(white, left panel). DAPI stains nuclei (blue, left panel). Anterior, left; posterior, right. Scale
bar = 10µm.
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Figure 7.6: Expression of YRabs 35-X6 in early third instar larval salivary glands.
Confocal sections from two different positions of early third instar larval salivary glands (see
boxed regions in Fig.3.14A). Larval salivary glands from homozygous Yrab35-X6 larvae stained
with an antibody against YFP (green, left and grey, right panel) to visualize YRabs. Crumbs
(Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell outlines
(white, left panel). DAPI stains nuclei (blue, left panel). Anterior, left; posterior, right. Scale
bar = 10µm.
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YRab expression in larval wing imaginal discs
Early third instar
Figure 7.7: Expression of YRabs 1-6 in early third instar larval wing imaginal discs.
Confocal sections (x-z section parallel to the presumptive dorsoventral compartment boundary,
left and x-y section from boxed region in Fig.3.16A, right column) from early third instar larval
wing imaginal discs. Larval wing imaginal discs from wild type (top) and homozygous Yrab1-6
larvae stained with an antibody against YFP (green, left and grey, right panel) to visualize
YRabs. Crumbs (Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg)
labels cell outlines (white, left panel). DAPI stains nuclei (blue, left panel). Scale bar = 10µm.
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Figure 7.8: Expression of YRabs 7-18 in early third instar larval wing imaginal discs.
Confocal sections (x-z section parallel to the presumptive dorsoventral compartment boundary,
left and x-y section from boxed region in Fig.3.16A, right column) from early third instar
larval wing imaginal discs (see boxed regions in Fig.3.16A). Larval wing imaginal discs from
homozygous Yrab7-18 larvae stained with an antibody against YFP (green, left and grey, right
panel) to visualize YRabs. Crumbs (Crb) marks the apical membrane (magenta, left panel).
Discs large (Dlg) labels cell outlines (white, left panel). DAPI stains nuclei (blue, left panel).
Scale bar = 10µm.
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Figure 7.9: Expression of YRabs 19-32 in early third instar larval wing imaginal discs.
Confocal sections (x-z section parallel to the presumptive dorsoventral compartment boundary,
left and x-y section from boxed region in Fig.3.16A, right column) from early third instar
larval wing imaginal discs (see boxed regions in Fig.3.16A). Larval wing imaginal discs from
homozygous Yrab19-32 larvae stained with an antibody against YFP (green, left and grey, right
panel) to visualize YRabs. Crumbs (Crb) marks the apical membrane (magenta, left panel).
Discs large (Dlg) labels cell outlines (white, left panel). DAPI stains nuclei (blue, left panel).
Scale bar = 10µm.
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Figure 7.10: Expression of YRabs 35-X6 in early third instar larval wing imaginal discs.
Confocal sections (x-z section parallel to the presumptive dorsoventral compartment boundary,
left and x-y section from boxed region in Fig.3.16A, right column) from early third instar
larval wing imaginal discs (see boxed regions in Fig.3.16A). Larval wing imaginal discs from
homozygous Yrab35-X6 larvae stained with an antibody against YFP (green, left and grey, right
panel) to visualize YRabs. Crumbs (Crb) marks the apical membrane (magenta, left panel).
Discs large (Dlg) labels cell outlines (white, left panel). DAPI stains nuclei (blue, left panel).
Scale bar = 10µm.
Appendix 137
Late third instar
Figure 7.11: Expression of YRabs 1-6 in late third instar larval wing imaginal discs.
Confocal sections (x-z section from boxed region in Fig.3.16A, left and apical x-y section from
cells in the dorsal compartment, right column) from late third instar larval wing imaginal discs.
Larval wing imaginal discs from wild type (top) and homozygous Yrab1-6 larvae stained with
an antibody against YFP (green, left and grey, right panel) to visualize YRabs. Crumbs (Crb)
marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell outlines (white,
left panel of left column). DAPI stains nuclei (blue, left panel of left column). Scale bar =
10µm.
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Figure 7.12: Expression of YRabs 7-18 in late third instar larval wing imaginal discs.
Confocal sections (x-z section from boxed region in Fig.3.16A, left and apical x-y section from
cells in the dorsal compartment, right column) from late third instar larval wing imaginal discs
(see boxed regions in Fig.3.16A). Larval wing imaginal discs from homozygous Yrab7-18 larvae
stained with an antibody against YFP (green, left and grey, right panel) to visualize YRabs.
Crumbs (Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell
outlines (white, left panel of left column). DAPI stains nuclei (blue, left panel of left column).
Scale bar = 10µm.
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Figure 7.13: Expression of YRabs 19-32 in late third instar larval wing imaginal discs.
Confocal sections (x-z section from boxed region in Fig.3.16A, left and apical x-y section from
cells in the dorsal compartment, right column) from late third instar larval wing imaginal discs
(see boxed regions in Fig.3.16A). Larval wing imaginal discs from homozygous Yrab19-32 larvae
stained with an antibody against YFP (green, left and grey, right panel) to visualize YRabs.
Crumbs (Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell
outlines (white, left panel of left column). DAPI stains nuclei (blue, left panel of left column).
Scale bar = 10µm.
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Figure 7.14: Expression of YRabs 35-X6 in late third instar larval wing imaginal discs.
Confocal sections (x-z section from boxed region in Fig.3.16A, left and apical x-y section from
cells in the dorsal compartment, right column) from late third instar larval wing imaginal discs
(see boxed regions in Fig.3.16A). Larval wing imaginal discs from homozygous Yrab35-X6 larvae
stained with an antibody against YFP (green, left and grey, right panel) to visualize YRabs.
Crumbs (Crb) marks the apical membrane (magenta, left panel). Discs large (Dlg) labels cell
outlines (white, left panel of left column). DAPI stains nuclei (blue, left panel of left column).
Scale bar = 10µm.
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YRab expression in larval fat bodies
Figure 7.15: Expression of YRabs 1-X6 in early third instar larval fat bodies. Confocal
sections from early third instar larval fat bodies. Larval fat bodies from wild type (top left) and
homozygous Yrab1-X6 larvae stained with an antibody against YFP (green, left and grey, right
panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI stains
nuclei (blue, left panel). Scale bar = 10µm.
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YRab expression in adult ovaries
Germarium & stage 1 and stage 2-8
Figure 7.16: Expression of YRabs 1-6 in germaria, stage 1 and stage 2-8 egg chambers
of adult ovarioles. Confocal sections from germaria & stage 1 (left column), early (middle
column) and late (right column) stage 2-8 egg chambers of adult ovarioles (see Fig.3.11A).
Adult ovarioles from wild type (top) and homozygous Yrab1-6 flies stained with an antibody
against YFP (grey, right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left
panel). DAPI stains nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Figure 7.17: Expression of YRabs 7-18 in germaria and stage 2-8 egg chambers of
adult ovarioles. Confocal sections from germaria & stage 1 (left column), early (middle
column) and late (right column) stage 2-8 egg chambers of adult ovarioles (see Fig.3.11A).
Adult ovarioles from homozygous Yrab7-18 flies stained with an antibody against YFP (grey,
right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI stains
nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Figure 7.18: Expression of YRabs 19-32 in germaria and stage 2-8 egg chambers of
adult ovarioles. Confocal sections from germaria & stage 1 (left column), early (middle
column) and late (right column) stage 2-8 egg chambers of adult ovarioles (see Fig.3.11A).
Adult ovarioles from homozygous Yrab19-32 flies stained with an antibody against YFP (grey,
right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI stains
nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Figure 7.19: Expression of YRabs 35-X6 in germaria and stage 2-8 egg chambers of
adult ovarioles. Confocal sections from germaria & stage 1 (left column), early (middle
column) and late (right column) stage 2-8 egg chambers of adult ovarioles (see Fig.3.11A).
Adult ovarioles from homozygous Yrab35-X6 flies stained with an antibody against YFP (grey,
right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI stains
nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Stage 9
Figure 7.20: Expression of YRabs 1-18 in stage 9 egg chambers of adult ovarioles.
Confocal sections from stage 9 egg chambers of adult ovarioles (see Fig.3.14A). Adult ovarioles
from wild type (top left) and homozygous Yrab1-18 flies stained with an antibody against YFP
(grey, right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI
stains nuclei (blue, left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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Figure 7.21: Expression of YRabs 19-X6 in stage 9 egg chambers of adult ovarioles.
Confocal sections from stage 9 egg chambers of adult ovarioles (see Fig.3.14A). Adult ovarioles
from homozygous Yrab19-X6 flies stained with an antibody against YFP (grey, right panel) to
visualize YRabs. Phalloidin labels cell outlines (magenta, left panel). DAPI stains nuclei (blue,
left panel). Anterior, left; posterior, right. Scale bar = 10µm.
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YRab expression in adult testes
Figure 7.22: Expression of YRabs 1-18 in adult testes. Confocal sections of adult testes
(see Fig.3.12A). Adult testes from wild type (top left) and homozygous Yrab1-18 flies stained
with an antibody against YFP (grey, right panel) to visualize YRabs. Phalloidin labels cell
outlines (magenta, left panel). DAPI stains nuclei (blue, left panel). Scale bar = 10µm.
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Figure 7.23: Expression of YRabs 19-X6 in adult testes. Confocal sections of adult testes
(see Fig.3.12A). Adult testes from homozygous Yrab19-X6 flies stained with an antibody against
YFP (grey, right panel) to visualize YRabs. Phalloidin labels cell outlines (magenta, left panel).
DAPI stains nuclei (blue, left panel). Scale bar = 10µm.
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Default annotation trees
The following hierarchical annotation schemes were used as default trees for each
tissue to describe the YRab. The assignment of any of these available annotation
terms indicates that this criterion applies to the YRab.
Figure 7.24: Default annotation tree of YRab expression and subcellular localization
in larval wing imaginal discs. Indentations indicate hierarchy levels.
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Figure 7.25: Default annotation trees of YRab expression and subcellular localization in
larval salivary glands, brains, fat bodies, and adult testes. Indentations indicate hierarchy
levels.
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Figure 7.26: Default annotation tree of YRab expression and subcellular localization
in adult ovaries. Indentations indicate hierarchy levels.
Appendix 153
Annotation features used for hierarchical clustering
The annotation features used for each hierarchical clustering are as follows:
Figure 3.9:
neuroepithelium
neuron
neuroblast
fat body cell
germarium,cap cell
germarium,female germline stem cell and cystoblast
germarium,cystocyte
germarium,follicle cell
germarium,presumptive nurse cell and oocyte (stage1)
stage 2-8 egg chamber,follicle cell
stage 2-8 egg chamber,anterior polar follicle cell
stage 2-8 egg chamber,posterior polar follicle cell
stage 2-8 egg chamber,nurse cell
stage 2-8 egg chamber,oocyte
stage 9 egg chamber,follicle cell
stage 9 egg chamber,posterior polar follicle cell
stage 9 egg chamber,nurse cell
stage 9 egg chamber,border follicle cell
duct cell
gland cell
imaginal cell
hub cell
male germline stem cell and gonialblast
spermatogonium
spermatocyte
early 3rd instar,disc epithelium proper
early 3rd instar,peripodial epithelium
late 3rd instar,disc epithelium proper
late 3rd instar,peripodial epithelium
Figure 3.17A:
neuron,intracellular punctate,cell body enriched
neuron,intracellular diffuse,cell body enriched
neuron,intracellular diffuse,projection enriched
Figure 3.17B:
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gland cell,intracellular punctate,basally enriched
gland cell,intracellular punctate,medially enriched
gland cell,intracellular diffuse,apically enriched
gland cell,cortical,apically enriched
gland cell,cortical,medially enriched
Figure 3.17C:
stage 2-8 egg chamber,follicle cell,intracellular punctate,apically enriched
stage 2-8 egg chamber,follicle cell,intracellular diffuse,apically enriched
stage 2-8 egg chamber,follicle cell,cortical,medially enriched
Figure 3.17D:
stage 9 egg chamber,follicle cell,intracellular punctate,basally enriched
stage 9 egg chamber,follicle cell,intracellular diffuse,basally enriched
Figure 3.17E:
early 3rd instar,disc epithelium proper,intracellular punctate,apically enriched
early 3rd instar,disc epithelium proper,intracellular diffuse,apically enriched
early 3rd instar,disc epithelium proper,intracellular diffuse,basally enriched
Figure 3.17F:
late 3rd instar,disc epithelium proper,intracellular punctate,apically enriched
late 3rd instar,disc epithelium proper,intracellular punctate,basally enriched
late 3rd instar,disc epithelium proper,intracellular diffuse,apically enriched
late 3rd instar,disc epithelium proper,intracellular diffuse,basally enriched
late 3rd instar,disc epithelium proper,cortical,basally enriched
late 3rd instar,disc epithelium proper,apical hub visible
Figure 3.18:
neuron,cortical
neuron,intracellular punctate
neuron,intracellular diffuse
fat body cell,intracellular punctate
fat body cell,intracellular diffuse
fat body cell,cortical
germarium,female germline stem cell and cystoblast,intracellular punctate
germarium,female germline stem cell and cystoblast,intracellular diffuse
germarium,female germline stem cell and cystoblast,cortical
germarium,cystocyte,intracellular punctate
germarium,cystocyte,intracellular diffuse
germarium,cystocyte,cortical
germarium,follicle cell,intracellular punctate
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germarium,follicle cell,intracellular diffuse
germarium,follicle cell,cortical
germarium,presumptive nurse cell and oocyte (stage1),intracellular punctate
germarium,presumptive nurse cell and oocyte (stage1),intracellular diffuse
germarium,presumptive nurse cell and oocyte (stage1),cortical
stage 2-8 egg chamber,follicle cell,intracellular punctate
stage 2-8 egg chamber,follicle cell,intracellular diffuse
stage 2-8 egg chamber,follicle cell,cortical
stage 2-8 egg chamber,nurse cell,intracellular punctate
stage 2-8 egg chamber,nurse cell,intracellular diffuse
stage 2-8 egg chamber,nurse cell,cortical
stage 2-8 egg chamber,oocyte,intracellular punctate stage
2-8 egg chamber,oocyte,intracellular diffuse
stage 2-8 egg chamber,oocyte,cortical
stage 9 egg chamber,follicle cell,intracellular punctate
stage 9 egg chamber,follicle cell,intracellular diffuse
stage 9 egg chamber,nurse cell,intracellular punctate
stage 9 egg chamber,nurse cell,intracellular diffuse
stage 9 egg chamber,nurse cell,cortical
gland cell,intracellular punctate
gland cell,intracellular diffuse
gland cell,cortical
spermatogonium,intracellular punctate
spermatogonium,intracellular diffuse
spermatogonium,cortical
spermatocyte,intracellular punctate
spermatocyte,intracellular diffuse
spermatocyte,cortical
early 3rd instar,disc epithelium proper,intracellular punctate
early 3rd instar,disc epithelium proper,intracellular diffuse
early 3rd instar,disc epithelium proper,cortical
late 3rd instar,disc epithelium proper,intracellular punctate
late 3rd instar,disc epithelium proper,intracellular diffuse
late 3rd instar,disc epithelium proper,cortical
neuron,intracellular punctate,cell body enriched
neuron,intracellular diffuse,cell body enriched
neuron,intracellular diffuse,projection enriched
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germarium,follicle cell,intracellular punctate,apically enriched
germarium,follicle cell,cortical,medially enriched
stage 2-8 egg chamber,follicle cell,intracellular punctate,apically enriched
stage 2-8 egg chamber,follicle cell,intracellular diffuse,apically enriched
stage 2-8 egg chamber,follicle cell,cortical,medially enriched
stage 9 egg chamber,follicle cell,intracellular punctate,basally enriched
stage 9 egg chamber,follicle cell,intracellular diffuse,basally enriched
gland cell,intracellular punctate,basally enriched
gland cell,intracellular punctate,medially enriched
gland cell,intracellular diffuse,apically enriched
gland cell,cortical,apically enriched gland cell,cortical,medially enriched
early 3rd instar,disc epithelium proper,intracellular punctate,apically enriched
early 3rd instar,disc epithelium proper,intracellular diffuse,apically enriched
early 3rd instar,disc epithelium proper,intracellular diffuse,basally enriched
late 3rd instar,disc epithelium proper,intracellular punctate,apically enriched
late 3rd instar,disc epithelium proper,intracellular punctate,basally enriched
late 3rd instar,disc epithelium proper,intracellular diffuse,apically enriched
late 3rd instar,disc epithelium proper,intracellular diffuse,basally enriched
late 3rd instar,disc epithelium proper,cortical,basally enriched
late 3rd instar,disc epithelium proper,apical hub visible
stage 2-8 egg chamber,nurse cell,cortical
stage 2-8 egg chamber,nurse cell,cytoplasmic diffuse
stage 2-8 egg chamber,nurse cell,cytoplasmic punctate
stage 2-8 egg chamber,oocyte,cortical
stage 2-8 egg chamber,oocyte,cytoplasmic diffuse
stage 2-8 egg chamber,oocyte,cytoplasmic punctate
stage 9 egg chamber,follicle cell,cortical
stage 9 egg chamber,follicle cell,cytoplasmic diffuse
stage 9 egg chamber,follicle cell,cytoplasmic diffuse,basally enriched
stage 9 egg chamber,follicle cell,cytoplasmic punctate
stage 9 egg chamber,follicle cell,cytoplasmic punctate,basally enriched
stage 9 egg chamber,nurse cell,cortical
stage 9 egg chamber,nurse cell,cytoplasmic diffuse
stage 9 egg chamber,nurse cell,cytoplasmic punctate
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